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Abstract 
 
Container-breeding mosquitoes (Diptera: Culicidae), including the vectors of human and wildlife 
pathogens, interact with terrestrial plants throughout their life cycles. Inputs of leaf detritus into 
the aquatic habitat provide an energy base for developing larvae, and plants mediate the 
distribution of adult mosquitoes by influencing microclimate conditions, supplying sugar-feeding 
sources, and altering communities of wildlife blood-meal hosts. This dissertation examines direct 
and indirect effects of understory shrubs, including species both native and invasive to North 
America, on the ecology of Culex pipiens, an important vector of West Nile virus in the 
northeastern and midwestern United States. Laboratory and field bioassays demonstrated that 
leaf detritus from different plant species in the aquatic environment alter two key components of 
mosquito production (i.e., oviposition site selection and adult emergence) via the abundance and 
composition of bacterial flora that form on different leaf species as they decompose. In 
particular, an invasive plant (Lonicera maackii, Amur honeysuckle) yielded high oviposition and 
adult emergence rates, while in contrast, a native plant (Rubus allegheniensis, common 
blackberry) was identified to function as an ecological trap for Cx. pipiens, attracting gravid 
females to oviposit and yet deleterious to larvae yielding low emergence rates. Subsequent 
laboratory bioassays in which first instar larvae were exposed to mixtures of leaves from 
different plant species revealed that while leaf resource diversity generally yields an increase in 
Cx. pipiens adult emergence rates, addition of high-quality resources is not sufficient to offset the 
deleterious effect of R. allegheniensis leaves. I then explored two integrated vector management 
applications of these findings. First, a field experiment demonstrated the feasibility of exploiting 
a naturally-occurring ecological trap (R. allegheniensis leaves) and an artificial ecological trap 
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(L. maackii leaves mixed with Bacillus thuringiensis var. israelensis larvicide) for attract-and-
kill mosquito control in storm water catch basins, in which gravid females are lured to oviposit in 
a low-quality environment. This result provides experimental proof of concept for a novel 
integrated vector management tool that may enhance the effectiveness and sustainability of 
existing mosquito abatement strategies with minimal non-target effects and reduced potential to 
select for insecticide resistance. A second field experiment showed that removal of L. maackii 
decreases abundance of adult Culex spp. mosquitoes in forest fragments within a residential 
neighborhood. The mechanisms underlying this reduction in mosquito abundance most likely 
include effects of L. maackii removal on microclimate conditions and the availability of avian 
blood-meal hosts. Collectively, these studies reveal multiple ecological pathways by which 
terrestrial plants interact with, and alter the abundance, distribution, and life history 
characteristics of mosquitoes, and suggest landscape modification strategies that may be used to 
manage an important disease vector species in residential ecosystems. 
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Introduction 
 
Invasive species, defined here as non-native species whose introduction and subsequent 
spread are likely to cause economic or environmental harm, rank second only to habitat 
destruction as a threat to native biodiversity (Wilcove et al. 1998, Pimentel et al. 2005). 
Mechanisms by which invasive species may reduce biodiversity include altering habitat 
structure, acting as predators and competitors of native species, and hybridizing with native 
species (Mooney and Cleland 2001, Lee 2002, Levine et al. 2003). There also is evidence that 
invasive species may cause increased risk of exposure to infectious diseases in wildlife and 
human populations via the introduction of novel pathogens and parasites into susceptible 
populations (Daszak et al. 2000) and by altering the ecology of established infectious agents that 
are embedded in biological communities through complex networks of energy flow (Pejchar and 
Mooney 2009). The distribution and prevalence of arthropod-borne diseases depend on the 
interactions between an arthropod vector, the pathogen, and a human or wildlife reservoir host, 
and these interactions may be altered by invasive species via a diversity of mechanisms. 
In particular, invasive plants are among the most important threats to native ecosystems 
and recent research has demonstrated their potential to trigger a cascade of ecological 
interactions that alter vector-borne disease transmission (Mack and Smith 2011, Mackay et al. 
2016). This is a problem of global health significance because nearly one-third of emerging 
infectious diseases that threaten ecosystem health are vector-borne (Jones et al. 2008) and 
terrestrial plant invasions are increasingly widespread phenomena aided by human activities 
(Reichard and White 2001). For example, in systems of diseases vectored by ticks (Acari: 
Ixodidae), invasive bush honeysuckle (Lonicera maackii) appears to enhance the risk of 
exposure to human tick-borne ehrlichiosis (Ehrlichia chaffeensis and E. ewingii) by increasing 
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the abundance and encounter frequency of lone star ticks (Amblyomma americanum) and their 
white-tailed deer (Odocoileus virginianus) hosts (Allan et al. 2010). Similarly, invasive Japanese 
barberry (Berberis thunbergii) directly improves habitat quality and recruitment of the black-
legged tick (Ixodes scapularis) via increased leaf litter depth and soil moisture (Elias et al. 2006). 
Mosquitoes (Diptera: Culicidae), other important arthropod vectors of wildlife and human 
pathogens, interact with plants throughout their life cycles and thus invasive plants also may 
influence risk of exposure to mosquito-borne illnesses, although the potential mechanisms by 
which plants alter vector and host ecology and the consequences for ecosystem health remain 
poorly understood. 
During the juvenile life cycle stages, habitat quality for container-breeding mosquitoes is 
driven largely by inputs of allochthonous plant-based detritus from the terrestrial environment, 
an important energy source. As leaves decay in the aquatic environment through leaching of 
soluble compounds into the water (Kuiters and Sarink 1986) and decomposition by detritivorous 
macroinvertebrates (McArthur and Barnes 1988) and microorganisms (Fish and Carpenter 1982), 
mosquito larvae filter bacteria, fungi, and protozoa suspended in the water column and graze on 
leaf surfaces and the sides of artificial containers (Wallace and Merritt 1980, Merritt et al. 1992). 
Mosquito adult emergence rates are related to the quantity and age of leaf detritus, whereby large 
masses of green leaves support higher emergence compared to small masses and senescent 
leaves (Walker et al. 1997). Emergence rates also vary due to species of leaf detritus in the 
aquatic habitat (Yanoviak 1999, Kominoski et al. 2007), and multiple biological mechanisms 
could underlie this observation. Habitat quality may be altered by plant secondary compounds 
that leach into the aquatic environment during decomposition, including toxic phytochemicals 
that act directly on developing mosquitoes (Kuiters and Sarink 1986) and antimicrobials that 
reduce the food available to larvae (Rios et al. 1988). Alternatively, the importance of bacteria 
3 
 
and fungi to the mosquito diet (Fish and Carpenter 1982) and the variability in the microbial 
communities that form on different leaf species (Findlay and Arsuffi 1989) are well-known, and 
habitat quality in the aquatic environment may be related to composition of the microorganisms 
associated with different leaves. The leaves of many invasive plants decompose rapidly and are 
associated with a greater abundance of microbial flora compared to native plants and thus may 
provide particularly high-quality resources for mosquito larvae (Poulette and Arthur 2012). 
 There also is some evidence that leaf detritus in the aquatic environment mediates choice 
of oviposition site by container-breeding mosquitoes. The ecological pathways governing habitat 
selection are less well-established experimentally than the mechanisms underlying habitat 
quality. Again, plant secondary compounds released during leaf decay differ among leaf species 
(Horner et al. 1988, Cornelissen et al. 1999), and some of these volatiles (e.g., phenolics) may 
include chemicals that attract adult mosquitoes (Kramer and Mulla 1979, Bentley and Day 1988) 
as well as oviposition stimulants (Ponnusamy et al. 2008). Other studies of oviposition sites 
selection have linked semiochemicals produced by the bacterial flora as byproducts of 
metabolism to habitat selection by gravid female Aedes aegypti and Ae. albopictus (Ponnusamy 
et al. 2008, Ponnusamy et al. 2010). Optimal oviposition theory suggests that organisms should 
interpret environmental cues to choose the highest-quality habitat for the development of 
progeny (Gripenberg et al. 2010), but this hypothesis also has not been evaluated experimentally 
in container-breeding mosquitoes as it relates to leaf detritus. 
Adult mosquitoes use plants as resting sites and their flowers as sources of sugar meals. 
The high vegetation biomass characteristic of plant invasions may provide a rich supply of sugar 
meals and retain heat and humidity in the understory, both contributing to mosquito longevity 
(Foster 1995, Delatte 2009). This potentially has consequences for transmission rates of 
mosquito-borne pathogens, since biological transmission is only possible when the vector 
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survives long enough for an ingested pathogen to complete the extrinsic incubation period. 
Moreover, the ecology of some mosquitoes, such as Culex pipiens and Cx. restuans, may be 
influenced by the effects of invasive plants on the community of avian hosts of these mosquitoes. 
For example, an important reservoir host for West Nile virus, the American robin (Turdus 
migratorius), is a frugivore and may select habitats infested with fruit-bearing invasive plants 
(Ingold and Craycraft 1983), causing mosquitoes to aggregate in these areas (Diuk-Wasser et al. 
2010) with potential downstream consequences for disease transmission. 
 This dissertation examines direct and indirect effects of understory shrubs, including both 
native and invasive species, on the ecology of Cx. pipiens, an important vector of West Nile 
virus in the northeastern and midwestern United States (Turell et al. 2001, Andreadis et al. 
2001). With over 43,000 human cases including over 1,800 deaths documented since its 
introduction into the New York City metropolitan area in 1999 (Lanciotti et al. 1999) and 
subsequent expansion throughout the contiguous states (Hayes and Gubler 2006), West Nile 
virus is the most prevalent mosquito-borne pathogen in North America. Because there are no 
human vaccines available for West Nile virus and the majority of other mosquito-borne viruses, 
vector control is the most effective and in many cases the only viable option for the prevention 
and management of these infectious illnesses. I first examined the role of leaf detritus from 
terrestrial plants in mediating the aquatic ecology of Cx. pipiens, particularly two important 
components of mosquito production: oviposition site selection and adult emergence rates. After 
identifying leaves from different plant species (hereafter ‘leaf species’) that vary in their 
attractiveness to mosquitoes as well as their quality as nutritional resources, I next assessed 
variation in the microbial community associated with different leaf detritus species as a potential 
mechanism underlying variation in oviposition and emergence rates. Finally, I explored two 
vector management applications of these findings. First, I investigated the feasibility of 
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exploiting ecological traps (i.e., habitats that are attractive to mosquitoes for oviposition yet 
deleterious to developing larvae) for attract-and-kill mosquito control in storm water 
environments, in which an attractant is combined with a toxin to lure mosquitoes to lay eggs in 
low-quality habitats. Second, I conducted a Before-After/Control-Impact experiment to test the 
hypothesis that removal of a widespread invasive plant (Lonicera maackii) decreases the 
abundance of mosquitoes belonging to multiple genera in forest fragments embedded within a 
residential neighborhood. I also investigated mechanisms underlying a reduction in mosquito 
abundance, including the effects of honeysuckle removal on microclimate conditions and the 
avian host community for Cx. pipiens and Cx. restuans. Collectively, these studies reveal 
multiple ecological pathways by which terrestrial plants interact with and alter the abundance, 
distribution, and life histories of mosquitoes and suggest landscape modification strategies that 
may be used to control an important disease vector species in residential ecosystems. 
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CHAPTER 1 
Asymmetric effects of native and exotic invasive shrubs on ecology of the West Nile virus 
vector Culex pipiens (Diptera: Culicidae)1 
 
Abstract 
Introduction. Exotic invasive plants alter the structure and function of native ecosystems and 
may influence the distribution and abundance of arthropod disease vectors by modifying habitat 
quality. This study investigated how invasive plants alter the ecology of Culex pipiens, an 
important vector of West Nile virus (WNV) in northeastern and midwestern United States. 
Methods. Field and laboratory experiments were conducted to test the hypothesis that three 
native leaf species (Rubus allegheniensis, blackberry; Sambucus canadensis, elderberry; and 
Amelanchier laevis, serviceberry), and three exotic invasive leaf species (Lonicera maackii, 
Amur honeysuckle; Elaeagnus umbellata, autumn olive; and Rosa multiflora, multiflora rose) 
alter Cx. pipiens oviposition site selection, emergence rates, development time, and adult body 
size. The relative abundance of seven bacterial phyla in infusions of the six leaf species also was 
determined using quantitative real-time polymerase chain reaction to test the hypothesis that 
variation in emergence, development, and oviposition site selection is correlated to differences in 
the diversity and abundance of bacteria associated with different leaf species, important 
determinants of nutrient quality and availability for mosquito larvae. 
Results. Leaf detritus from invasive honeysuckle and autumn olive yielded significantly higher 
adult emergence rates compared to detritus from the remaining leaf species and honeysuckle 
                                                 
1 This chapter appeared in its entirety in Parasites and Vectors and is referred to later in this thesis as Gardner et al. 
2015. Gardner AM, Allan BF, Frisbie LA, and Muturi EJ. 2015. Asymmetric effects of native and exotic invasive 
shrubs on ecology of the West Nile virus vector Culex pipiens (Diptera: Culicidae). Parasites and Vectors 8: e329. 
This article is reprinted with the permission of the publisher and is available using doi: 10.1186/s13071-015-0941-z. 
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alleviated the negative effects of intraspecific competition on adult emergence. Conversely, 
leaves of native blackberry acted as an ecological trap, generating high oviposition but low 
emergence rates. Variation in bacterial flora associated with different leaf species may explain 
this asymmetrical production of mosquitoes: emergence rates and oviposition rates were 
positively correlated to bacterial abundance and diversity, respectively. 
Conclusions. We conclude that the displacement of native understory plant species by certain 
invasive shrubs may increase production of Cx. pipiens with potential negative repercussions for 
human and wildlife health. These findings may be relevant to mosquito control and invasive 
plant management practices in the geographic range of Cx. pipiens. Further, our discovery of a 
previously unknown ecological trap for an important vector of WNV has the potential to lead to 
novel alternatives to conventional insecticides in mosquito control by exploiting the apparent 
“attract-kill” properties of this native plant species. 
 
Introduction 
Exotic shrubs, aided mostly by human activities, have become dominant features of urban 
and suburban landscapes in North America (Bertin 2002, DeCandido et al. 2004). Deliberate 
introduction of non-native turf grass lawns and ornamental plants remains a common practice in 
residential neighborhoods despite the well-documented potential for these species to become 
invasive in their introduced ranges (Mack and Lonsdale 2001). On a broader scale, the disturbed 
structure of urban communities has given rise to an altered natural selection process that often 
functions to the competitive detriment of native species (Byers 2002). As a consequence, 
propagation of exotic invasive plants (hereafter “invasive plants”) may reduce the ecosystem 
services typically provided by native plant communities, including nutrient cycling, prevention 
of stream erosion, air filtration, and preservation of wildlife diversity (Kareiva et al. 2007, 
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Masters and Sheley 2001, Bolund and Hunhammar 1999, Smith et al. 2006, Burghardt et al. 
2009). 
There is also recent evidence that invasive plants can cause ecological cascades that alter 
human risk of exposure to diseases vectored by arthropods. For example, invasive plants may 
enhance the risk of exposure to tick-borne pathogens by increasing the abundance and encounter 
frequency of ticks and their vertebrate hosts (Williams et al. 2009, Williams et al. 2010, Allan et 
al. 2010). In mosquito-borne disease systems, changes in habitat complexity resulting from plant 
invasions may alter oviposition site selection by some vector species (Conley et al. 2011), and 
inputs of fruits and leaves of some terrestrial invasive plant species into aquatic larval habitats 
may provide a high-quality nutritional base for mosquito larvae (Reiskind and Zarrabi 2011). Yet 
despite the strong potential for vectors to interact with invasive plants, we have limited 
understanding of the diversity of potential mechanisms by which these plants alter vector 
ecology and the consequences for human health. 
Container-dwelling mosquitoes provide an ideal model system for understanding the 
effects of native and invasive plants on mosquito ecology and the risk of human exposure to 
vector-borne pathogens. Culex pipiens pipiens Linnaeus (Diptera: Culicidae), an important 
vector for West Nile virus in urban landscapes throughout the northeastern and midwestern 
United States (Turell et al. 2005), oviposits in a variety of natural and artificial containers such as 
small ponds, discarded tires, and storm water catch basins (Geery and Holub 1989, Yee 2008). 
These habitats are mainly fueled by plant-based detritus from the surrounding terrestrial 
vegetation. This often includes leaves of non-native understory plant species (Gardner, pers. 
obs.), which commonly are introduced to residential environments for home landscaping and 
often become invasive in small urban forest fragments (Reichard and White 2001). Detritus type 
and quantity determine the composition and abundance of microbial communities that form in 
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container habitats as microbes break down terrestrial leaf litter (Fish and Carpenter 1982, Walker 
and Merritt 1988, Murrell and Juliano 2008, Ponnusamy et al. 2010, Muturi et al. 2013). In turn, 
these bacteria and fungi provide a direct food source for mosquito larvae (Merritt et al. 1992, 
Kitching 2001) and influence oviposition behavior of gravid female mosquitoes through 
emission of oviposition attractants and stimulants (Bentley and Day 1988, Ponnusamy et al. 
2008). Thus, detritus from terrestrial plants and its associated microbes play a critical role in 
determining vector distribution, relative abundance, and life history traits that are important for 
vector-borne pathogen transmission including adult body size, longevity, biting rates, and vector 
competence (Leonard and Juliano 1995, Walker et al. 1997, Bevins 2008). 
It has been proposed that detritus from invasive plants benefits mosquito vectors and 
enhances vector-borne disease transmission potential because these leaves decompose faster and 
facilitate more rapid microbial growth compared to native plants (Blair and Stowasser 2009, 
Poulette and Arthur 2012, Watling et al. 2011). In this study, we test the hypotheses that A) leaf 
detritus of three native and three invasive shrubs asymmetrically affects the emergence rates, 
development, and oviposition site selection by Cx. pipiens, and B) variation in emergence, 
development, and oviposition site selection is correlated with differences in the diversity and 
abundance of bacterial flora among leaf detritus types. 
 
Methods 
Selection of plant species. Six focal plant species were selected among shrubs common within 
the geographic range of Cx. pipiens (Darsie and Ward 2004). The invasive shrubs were Lonicera 
maackii (Dipsacales: Caprifoliaceae; Amur honeysuckle), Elaeagnus umbellata (Rosales: 
Elaeagnaceae; autumn olive), and Rosa multiflora (Rosales: Rosaceae; multiflora rose). Found in 
both natural and domestic environments – including forest fragments, landscaped parks, and 
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residential neighborhoods – these three exotics are highly invasive throughout much of the 
United States, and in some areas of the northeast and Midwest dominate over 80 percent of land 
cover (Luken 1988, Meiners et al. 2002). The native shrubs were Rubus allegheniensis (Rosales: 
Rosaceae; blackberry), Sambucus canadensis (Dipsacales: Adoxaceae; elderberry), and 
Amelanchier laevis (Rosales: Rosaceae; serviceberry), all three of which are common understory 
species in mixed deciduous forests and residential landscapes. 
 
Attractiveness of leaf species for Cx. pipiens oviposition. Six oviposition traps (Reiter 1986) 
each containing 4 L of tap water and 80 g of fresh whole leaves of one of the six shrub species 
were placed 1 m apart from each other in partial shade at five sites located within a 5 km radius 
in residential Champaign-Urbana, Illinois. The 30 oviposition traps were monitored for egg rafts 
daily and the number of egg rafts collected in each substrate from June 24 to August 5, 2013 (39 
days) was recorded. This design, which was informed by a smaller pilot study performed in 
2012, tested for temporal variation in the attractiveness of the leaf species to gravid females 
based on the number of egg rafts collected, which may vary as the microbial and chemical 
composition of the infusion changes with decomposition of the leaves. 
 Data analyses were conducted in SAS 9.3 (SAS Institute Inc., Cary, NC). A general 
linear mixed model (GLMM) with repeated measures was used to compare the abundance of egg 
rafts collected by leaf substrate, day, and their interaction throughout the 39 day period (Eqn. 1), 
where 𝛽𝑖 represents the random effect of site (block), 𝐿𝑗 represents the fixed effect of leaf litter 
species, 𝐷𝑘 represents the fixed effect of day, 𝐿𝐷𝑗𝑘 represents their interaction. 
𝑦𝑖𝑗𝑘 = 𝜇 + 𝛽𝑖 + 𝐿𝑗 + 𝜀1(𝑖𝑗) + 𝐷𝑘 + 𝐿𝐷𝑗𝑘 + 𝜀2(𝑖𝑗𝑘)    (Eqn. 1) 
Day was the repeated variable, and an autoregressive-1 covariance structure with restricted 
maximum likelihood (REML) was used for estimation of covariance parameters. Orthogonal 
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contrasts were used to test the linear and quadratic components of the quantitative day variable. 
Tukey’s mean separation test was used for comparisons of leaf detritus species treatment means. 
Number of egg rafts was log(x+0.1)-transformed to meet the assumptions of normally, 
identically, and independently distributed residuals. 
 
Effect of leaf detritus species on Cx. pipiens emergence and development. Culex pipiens 
larvae were obtained by collecting egg rafts from five sites using standard grass infusion-baited 
oviposition traps. Egg rafts were individually hatched in petri dishes containing deionized water 
and first instar larvae of Cx. pipiens were distinguished from those of Culex restuans Theobald 
based on the presence or absence of a clear area anterior to the sclerotized egg-breaker which is 
present in Cx. restuans and absent in Cx. pipiens (Dodge 1966). Culex pipiens larvae collected 
from different sites were pooled prior to their random allocation to experimental treatments. 
 To test for the effect of leaf substrate on intraspecific competition, 18 treatments were 
established with five replicates per treatment (90 containers). Each treatment included one of 
three densities of first instar larvae of Cx. pipiens (10, 20, or 40 per container) and 360 mL 
infusion of one of the six leaf detritus species in 400 mL tri-pour beakers. Infusions were 
prepared by fermenting 80 g of fresh leaves of each plant species in 4 L of tap water for 7 days, a 
standard infusion age used in comparable studies. Fresh leaves constitute a substantial portion of 
leaf litter inputs in container habitats and are superior food source for mosquito larvae compared 
to senescent leaves (Walker et al. 1997). The containers were monitored daily and pupae were 
removed from containers and housed individually in cotton-sealed plastic vials with deionized 
water. The experiment was conducted under ambient conditions of 25ºC, 70% relative humidity, 
and a 16:8 (L:D) photoperiod. Adults were sorted by sex and date of eclosion and their wing 
lengths determined. Time to eclosion and adult body size are important determinants of the 
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potential for disease transmission (i.e., “vectorial capacity”) in mosquitoes. Rapid time to 
eclosion facilitates high emergence rates of mosquitoes even from ephemeral habitats, while 
adult body size is directly related to longevity and potential to transmit viruses; only a vector that 
survives the duration of the viral extrinsic incubation period can infect a human or wildlife host 
(Stiles 1982). 
 Separate Multivariate Analysis of Variance (MANOVA) tests were used to test for the 
fixed effects of leaf detritus species, competition, and their interaction on male and female 
development time to eclosion and adult wing length. Standardized canonical coefficients (SCCs) 
were used to describe the relative contributions of development time and wing length to 
significant treatment effects as well as the relationship between the two variables. A GLMM 
with a factorial treatment structure was used to test the fixed effects of leaf species, competition, 
and their interaction on Cx. pipiens emergence rates (male and female combined) with Tukey’s 
separation of means. Development time and wing length were log(x+0.1)-transformed and 
emergence data were arcsine-square root(x)-transformed to meet the assumptions of the analysis. 
 
Relationship between leaf detritus species and microbial composition and abundance. 
Before adding larvae to treatments as described above, 2 mL aliquots of 7-day old leaf infusions 
were taken from each container and stored at -80°C until further processing. Genomic DNA was 
extracted from the samples using the UltraClean® Soil DNA Isolation Kit (Mo Bio Laboratories 
Inc., Carlsbad CA, Cat. No. 12800-50) according to the manufacturer’s instructions. Real-time 
polymerase chain reaction was conducted to detect total bacterial abundance and abundance of 
seven bacterial phyla (α-proteobacteria, β-proteobacteria, γ-proteobacteria, firmicutes, 
acidobacteria, actinobacteria, and bacteroidetes) in aliquots of leaf infusions, according to the 
methods described in Muturi et al. 2013. 
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The Shannon diversity index (H) was used to calculate bacterial diversity at the phylum 
level associated with each leaf detritus species. Further analysis was carried out in three steps. 
First, GLMs were used to compare total bacterial abundance and bacterial diversity among leaf 
species, with Tukey’s separation of treatment means. Second, multiple linear regression models 
were used to assess the relationship between bacterial abundance, bacterial diversity, larval 
density, and their interaction and mosquito emergence rates, and the relationship between 
bacterial abundance, bacterial diversity, and their interaction and oviposition rates. Finally, 
multiple linear regression models were used to identify specific bacterial phyla that are related to 
mosquito emergence and oviposition rates with phylum-level abundance of seven bacterial phyla 
as independent effects. Emergence rates were arcsine-square root(x)-transformed and oviposition 
rates and bacterial abundance and diversity measures were log(x+0.1)-transformed to meet the 
assumptions of all tests. 
 
Results 
Attractiveness of leaf species for Cx. pipiens oviposition. The number of egg rafts laid in 
oviposition traps containing the leaves of different native and invasive shrubs varied within and 
among leaf detritus species over the collection period, with significant effects of leaf species (F = 
7.25; df = 5, 20; P = 0.0005) and day (F = 23.70; df = 39, 912; P < 0.0001) but not their 
interaction (Figure 1.1). Throughout the experiment, the greatest number of egg rafts was 
collected in blackberry and elderberry leaf infusion; the lowest number of egg rafts per day were 
collected from water containing serviceberry, autumn olive, and honeysuckle leaves; and an 
intermediate number of egg rafts were collected from water containing multiflora rose. We found 
a strong quadratic effect of time (F = 586.89; df = 1, 912; P < 0.0001) and a significant though 
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less important linear effect (F = 19.79; df = 1, 912; P < 0.0001) of time. The polynomial function 
relating oviposition response (y) to time (x) is given by 
𝑦𝑖 = −0.029𝑥
2 + 1.117𝑥 − 0.308    (Eqn. 2) 
Thus, all leaf detritus species initially increased in attractiveness and then declined in 
attractiveness after the critical point at 19 days. 
 
Effect of leaf detritus species on Cx. pipiens emergence and development. Mosquito 
emergence rates varied across leaf detritus types and larval densities, with a significant 
interaction between leaf species and density (F = 7.33; df = 10, 72; P < 0.0001; Figure 1.2). The 
lowest emergence rates were observed in blackberry and multiflora rose infusion; no adults 
emerged in the latter leaf detritus species at any larval density. The highest emergence rates were 
observed in honeysuckle and autumn olive infusions, although autumn olive-reared mosquitoes 
experienced a significant decline in emergence at the highest density while honeysuckle infusion 
mitigated the deleterious effects of intraspecific competition even at high larval densities. 
Among all other leaf species except for elderberry, higher larval densities yielded significantly 
lower emergence rates than lower larval densities. 
 Development time to adult eclosion and adult wing length also were influenced by leaf 
detritus type and larval density, with significant interactions between leaf species and density for 
females (F = 5.05; df = 16, 644; P < 0.0001) and males (F = 3.03; df = 16, 614; P < 0.0001; 
Figure 1.3). SCCs show that wing length and development time both contributed strongly to the 
multivariate effect for females, while wing length explained most variance for males (Table 1.1). 
The longest times to eclosion for females were observed in blackberry infusions, while the 
shortest times to eclosion were observed in honeysuckle infusions. Similarly, the shortest wing 
lengths for both females and males were observed in blackberry-reared mosquitoes, while the 
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longest wing lengths were observed in honeysuckle-reared mosquitoes. Multiflora rose infusions 
were excluded from this analysis because no mosquitoes survived in these treatments. Time to 
eclosion generally increased and adult wing length decreased with higher larval densities, 
although as in the case for emergence, honeysuckle infusion mitigated the effects of intraspecific 
competition on development time in particular. 
 
Relationship between leaf detritus species and microbial composition and abundance. Total 
abundance (F = 7.24; df = 5, 24; P = 0.0003) and diversity of bacterial flora (F = 12.30; df = 5, 
24; P < 0.0001) varied significantly with leaf detritus species (Figure 1.4). A high abundance of 
bacteria was present in honeysuckle, autumn olive, and elderberry infusion, while a low 
abundance was present in multiflora rose, blackberry, and serviceberry infusions. High phylum-
level diversity of bacteria was present in blackberry and elderberry infusions, while low diversity 
was present in honeysuckle, multiflora rose, autumn olive, and serviceberry infusions. 
 Total bacterial abundance and its interaction with bacterial diversity were positively 
correlated to mosquito emergence rates, with no significant interaction between these effects and 
larval density (Table 1.2). Interestingly, the direction of the abundance and diversity interaction 
was negative, indicating that when bacterial diversity is increased, the positive effect of bacterial 
abundance on emergence is decreased and vice versa. In particular, abundance of β-
proteobacteria was negatively correlated with rate of mosquito emergence while bacteroidetes 
and acidobacteria were positively correlated with emergence (Table 1.3). Again, these effects did 
not interact with larval density. 
Bacterial diversity but not total bacterial abundance or their interaction was positively 
correlated to mosquito oviposition rate (Table 1.2). No particular bacterial phyla were identified  
that were significantly correlated to oviposition rate (Table 1.3). 
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Discussion 
 Using a combination of laboratory and field experiments, we identified two invasive 
shrubs that may promote growth and emergence of an important mosquito vector relative to 
native shrub species by improving the nutritional quality of the larval environment via leaf 
detritus inputs. Culex pipiens emergence rates were significantly higher in leaf infusions of 
honeysuckle and autumn olive compared to the other shrub species. We also noted that the 
deleterious effects of intraspecific larval competition were mitigated in honeysuckle treatments. 
The reduction of this important constraint on mosquito population carrying capacity (Larson 
2005) indicates that this invasive leaf species may support higher mosquito densities in heavily 
invaded areas. Similarly, mosquitoes reared in honeysuckle and autumn olive infusion had the 
shortest development time to eclosion and the longest adult wing lengths in both females and 
males compared to the other leaf detritus species. These life history characteristics are positively 
associated with efficiency of mosquito-borne pathogen transmission (i.e., “vectorial capacity”). 
Therefore, the widespread distribution of these two invasive shrubs in North America raises 
concerns regarding their impact on the transmission of several mosquito-borne viruses such as 
West Nile virus and St. Louis encephalitis. 
 Although not the most attractive leaf detritus species observed in the experiment, 
honeysuckle and autumn olive were by far the most favorable leaf detritus species for 
development and emergence of laboratory-reared mosquitoes. These results complement a 
growing body of field studies that suggest landscaping with exotic – and potentially invasive – 
plants has the potential to influence local larval and adult mosquito abundance and distribution 
(Conley et al. 2011, Shewart et al. 2014). For instance, the presence of ornamental lawn shrubs, 
including many invasive species, is positively associated with abundance of Cx. pipiens and Cx. 
restuans larvae in roadside storm water catch basins (Gardner et al. 2013). However, it is 
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noteworthy that our experiments also identified a third invasive plant, multiflora rose, that is 
lethal to Cx. pipiens, suggesting that the effect of displacement of native plants by invasive 
species has neither uniformly positive nor negative impacts on the abundance and distribution of 
mosquitoes. 
Our comparisons of native and invasive leaf detritus species on larval development and 
oviposition facilitated the discovery of a naturally-occurring ecological trap for Cx. pipiens. 
Ecological traps occur due to a mismatch between the attractiveness of a habitat and its quality 
for reproduction (Schlaepfer et al. 2002). The greatest number of egg rafts was collected in water 
containing leaves of blackberry, a native plant species found throughout the geographic range of 
Cx. pipiens. However, in laboratory assays, exceptionally low mosquito emergence rates were 
observed in blackberry infusions, with fewer than 20 percent of larvae surviving to eclosion even 
at the lowest larval density. Blackberry-reared mosquitoes also exhibited significantly longer 
development times to eclosion and the shortest adult wing lengths compared to those exposed to 
other leaf detritus species. Infusion of multiflora rose, an exotic shrub of limited importance in 
the Midwest but highly invasive in the northeastern United States (Stiles 1982, Larson 2005), 
similarly yielded lower emergence with no mosquitoes developing to eclosion across all density 
treatments. However, gravid females were better able to discriminate against this leaf detritus 
species and consequently water containing multiflora rose leaves collected fewer egg rafts than 
water containing blackberry leaves. Future research will determine whether exploitation of this 
ecological trap may yield a novel “attract-kill” approach to control mosquito larvae in closed 
aquatic environments, such as rain barrels, buckets, and storm water catch basins. 
 A potential mechanism to explain both asymmetrical oviposition rates and emergence  
and development rates of mosquitoes with respect to leaf detritus species is differences in the 
associated microbial flora. Honeysuckle, autumn olive, and elderberry infusions contained 
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greater abundances of bacterial flora than multiflora rose, serviceberry, and blackberry infusion, 
an observation that likely reflects more rapid leaf decomposition rates among the former species 
(Blair and Stowasser 2009, Poulette and Arthur 2012), yielding larger amounts of bacteria. For 
the most part, mosquito emergence reflected this pattern; the notable exception was serviceberry 
infusion, in which a moderate proportion of mosquitoes developed to eclosion despite low 
bacterial abundance. This result suggests total bacterial abundance may be a good indicator of 
habitat quality under most but not all conditions (Murrell and Juliano 2008). Microbial 
abundance also varied significantly between different phyla across leaf detritus species, and was 
statistically correlated to mosquito emergence. In particular, β-proteobacteria was negatively 
correlated with emergence rates while bacteroidetes and acidobacteria were positively correlated 
with emergence rates. This result is consistent with studies of other mosquitoes; for example, 
Aedes triseriatus Say and Culex tarsalis Coquillett appear to feed preferentially on bacteroidetes 
(Duguma et al. 2013, Kaufman et al. 2008). 
Further, irrespective of bacterial abundance, phylum-level bacterial diversity was 
positively correlated with oviposition rates. This result supports previous research which 
indicates that mosquito oviposition site discovery and selection may be mediated by the odors 
produced by a higher diversity of bacteria (Ponnusamy et al. 2010, Ponnusamy et al. 2008). 
Thus, we propose that optimal habitats for mosquito production may contain both higher 
bacterial abundance and higher bacterial diversity, which jointly facilitate discovery of the 
habitat and the emergence and development of larvae within. Meanwhile, high-diversity and 
low-abundance habitats such as blackberry-infused water may constitute ecological traps, while 
low-diversity and high-abundance habitats such as honeysuckle-infused water appear to attract 
fewer gravid females but promote higher rates of mosquito emergence. It is possible that 
observed differences in oviposition and emergence rates were not driven by bacterial diversity 
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per se, but rather variation in bacterial community composition between leaf species. It also is 
noteworthy that oviposition and emergence rates associated with different leaf species may be 
influenced by phytochemicals unrelated to microbial flora; for example, tannins are abundant in 
blackberry leaves (Foo and Porter 1981, Gudej et al. 2004) and are known to be toxic to 
mosquitoes in other systems (Mercer 1993, Rey et al. 1999). However, these hypotheses were 
not tested thoroughly in our current experiment. 
Our understanding of the mechanistic role potentially played by variation in microbial 
growth is limited by our focus on a higher taxonomic level of bacteria (i.e., phylum) and at the 
exclusion of fungi and other microbes that may be consumed by mosquito larvae. Additional 
studies are required to identify the particular microbial taxa that may be involved in determining 
mosquito emergence and oviposition site selection. Further, our molecular approach is subject to 
limitations such as potential underestimation of bacterial abundance due to DNA extraction bias 
and PCR bias (Kirk et al. 2004, Martin-Laurent et al. 2001). However, important conclusions can 
still be made; our findings corroborate previous research which has demonstrated that resource 
type and availability may influence emergence and oviposition. For example, variation in 
microbial communities among leaf detritus treatments have been shown to be related to Culex 
mollis Dyar life history traits (Yanoviak 1999), and binary choice laboratory assays revealed that 
Aedes aegypti Linnaeus oviposition site selection may be related to extracts released by the 
microbes present in infusions of different leaf species (Ponnusamy et al. 2008). 
 In summary, we observed elevated emergence rates and more rapid development among 
Cx. pipiens mosquitoes reared in infusions of honeysuckle and autumn olive leaves, two exotic, 
invasive shrubs that occur throughout much of the northeastern and midwestern United States. In 
contrast, we discovered mosquito emergence was significantly reduced among mosquitoes reared 
in infusions of native blackberry and exotic multiflora rose leaves compared to those exposed to 
24 
 
other leaf detritus species. Our results have applications in two areas. First, our findings that 
some exotic, invasive shrubs are favorable for mosquito production may be relevant to mosquito 
control and invasive plant management practices in the geographic range of Cx. pipiens. Second, 
our discovery of a previously unknown ecological trap for an important vector of West Nile virus 
has the potential to lead to novel alternatives to conventional insecticides in mosquito control, 
exploiting the apparent “attract-kill” properties of this native plant species. 
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Figures and Tables 
 
 
 
Figure 1.1. Mean (±1 standard error) for Culex pipiens egg rafts collected in oviposition traps 
per day from June 24 to August 5, 2013 (6 weeks) by leaf detritus treatment. Letters indicate 
significant pairwise differences at α = 0.05. 
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Figure 1.2. Mean (±1 standard error) for Culex pipiens male and female emergence rates across 
intraspecific competition by leaf detritus treatments. Letters indicate significant pairwise 
differences at α = 0.05. 
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Figure 1.3. Mean (±1 standard error) for Culex pipiens female and male time to eclosion and 
wing length across intraspecific competition by leaf detritus treatments. The following treatments 
were excluded because no females survived to eclosion: all multiflora rose treatments; 
blackberry: 20 larvae and 40 larvae; autumn olive: 40 larvae. 
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Figure 1.4. Mean (±1 standard error) for cumulative abundance and Shannon’s diversity index 
(H) of bacteria by leaf detritus treatment. Upper case letters indicate significant pairwise 
differences at α = 0.05 for bacterial diversity; lower case letters indicate significant pairwise 
differences for bacterial abundance. 
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Table 1.1. Multivariate Analysis of Variance (MANOVA) for the effect of leaf detritus species 
and intraspecific competition on Culex pipiens female and male time to eclosion (days) and wing 
length (mm). Standardized canonical coefficients (SCCs) describe the relative contribution of 
each life history trait to the multivariate effect. Asterisks indicate statistically significant effects 
at α = 0.05. 
 
Sex Variable df 
Pillai’s 
trace 
P 
SCCs 
Eclosion time Wing length 
Female 
Leaf 8 22.07 <0.001* 1.41 -0.33 
Competition 4 18.81 <0.001* 1.01 -0.94 
Leaf*Competition 16 5.05 <0.001* -0.92 1.02 
Male 
Leaf 8 26.52 <0.001* 1.25 -0.27 
Competition 4 22.79 <0.001* -0.44 1.21 
Leaf*Competition 16 3.03 <0.001* 0.38 1.46 
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Table 1.2. Multiple linear regressions for the effect of total bacterial abundance, bacterial 
diversity, larval density (10, 20, and 40 larvae), and their interaction on Culex pipiens female and 
male emergence rate and oviposition rates. Asterisks indicate statistically significant effects at α 
= 0.05. 
 
Variable 
Emergence rate Oviposition rate 
T P T P 
Intercept -1.22 0.2282 -1.37 0.1877 
Abundance 4.78 <0.0001* -0.75 0.4644 
Diversity 0.59 0.5562 2.20 0.0411* 
Density -2.76 0.0073* - - 
Abundance*Diversity -2.71 0.0090* -0.77 0.4534 
Abundance*Density -0.73 0.4706 - - 
Diversity*Density 0.03 0.9794 - - 
Abundance*Diversity*Density -0.02 0.9836 - - 
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Table 1.3. Multiple linear regressions for the effect of phylum-level bacterial composition, larval 
density (10, 20, and 40 larvae), and their interaction on Culex pipiens female and male 
emergence and oviposition rates. Asterisks indicate statistically significant effects at α = 0.05. 
 
Variable 
Emergence rate Oviposition rate 
T P T P 
Intercept 3.80 0.0003* 7.18 <0.0001* 
α-proteobacteria -1.69 0.0958 -0.36 0.7258 
Bacteroidetes 3.86 0.0003* -2.10 0.0580 
Firmicutes -1.07 0.2867 0.60 0.5572 
β-proteobacteria -2.75 0.0077* 0.93 0.3726 
Acidobacteria 1.98 0.0437* 0.21 0.8338 
γ-proteobacteria 0.49 0.6263 -0.39 0.7037 
Actinobacteria -0.22 0.8273 1.43 0.1788 
Density -3.03 0.0035* - - 
Density*α-proteobacteria 0.08 0.9365 - - 
Density*Bacteroidetes 2.39 0.0196* - - 
Density*Firmicutes 1.06 0.2944 - - 
Density*β-proteobacteria -1.44 0.1560 - - 
Density*Acidobacteria 0.97 0.3370 - - 
Density*γ-proteobacteria 0.20 0.8437 - - 
Density*Actinobacteria -0.67 0.5068 - - 
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CHAPTER 2 
Leaf detritus mixtures alter microbial resource composition in aquatic habitats and 
performance of container-breeding mosquito larvae (Diptera: Culicidae) 
 
Abstract 
The enhancement of animal fitness by resource diversity is a well-documented phenomenon in 
many ecosystems. In aquatic communities fueled by plant-based detritus, a major source of 
resource diversity is mixing of leaf detritus species from the terrestrial environment. This study 
investigated the direct and indirect effects of leaf diversity in mediating the development and 
adult emergence rates of Culex pipiens (Diptera: Culicidae), a container-breeding mosquito 
vector for West Nile virus in the northeastern and midwestern United States. Laboratory 
mosquito development assays and next-generation sequencing of DNA from bacterial and fungal 
taxa were used to test three hypotheses regarding the effect of leaf detritus inputs from native and 
invasive shrubs (Amur honeysuckle, Lonicera maackii; autumn olive, Elaeagnus umbellata; 
blackberry, Rubus allegheniensis; and elderberry, Sambucus canadensis) in the aquatic habitat 
on Cx. pipiens emergence rates, development time to emergence, and adult body size. First, we 
found support for the hypothesis that leaf resource diversity in the aquatic larval environment 
increases emergence rates, increases adult body size, and reduces development time to 
emergence. Second, we found support for the hypothesis that variation in emergence rates across 
single and mixed leaf species treatments is related to the microbial community associated with 
the different leaves and their combinations, in contrast to plant secondary compounds leaching 
from decaying leaf detritus. Third, we found support for the hypothesis that abundance and 
composition of bacterial taxa are predictive of mosquito emergence rates and vary predictably 
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among aquatic habitats containing different leaf detritus species. However, we did not observe 
the same effects among fungal taxa, nor did we find support for the hypotheses that alpha 
diversity of bacteria or fungi is predictive of emergence rates or varies across detritus species 
when considered independently of the composition of the microbial community. We conclude 
that resource diversity generally enhances production of this filter-feeding aquatic 
macroinvertebrate and the main mechanism underlying variation in mosquito emergence rates 
due to leaf detritus treatment is the indirect effect of leaf detritus species on the bacterial 
community. 
 
Introduction 
 Numerous freshwater macroinvertebrates depend upon leaf detritus from terrestrial plants 
as a food and energy source (Anderson and Sedell 1979, Wallace et al. 1982, Webster and 
Benfield 1986, Graça 2001). Some detritivorous fauna directly feed on coarse organic 
particulates in the aquatic environment, and the activity of these “shredders” often accelerates the 
initial decomposition of leaf detritus (McArthur and Barnes 1988, Cuffney et al. 1990). These 
invertebrates, including amphipods, plecopterans, trichopterans, and some dipterans (Arsuffi and 
Suberkropp 1989), generally are selective feeders and preferentially consume leaves that 
promote growth via high nutrient content (e.g., nitrogen and carbon), low toughness, and low 
chemical defenses (i.e., plant secondary components) (Arsuffi and Suberkropp 1984, Irons et al. 
1988, Bastian et al. 2007). Meanwhile, other aquatic fauna are supported by leaf detritus 
indirectly. As feeding by shredders and physical abrasion break down leaves, further degradation 
occurs by the leaching of soluble compounds into the water (Kuiters and Sarink 1986) and 
decomposition by microbial flora, particularly bacteria and fungi (Fish and Carpenter 1982). 
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Higher-order macroinvertebrate consumers in turn filter microorganisms suspended in the water 
column or graze on leaf surfaces (Cummins and Klug 1979, Wallace and Merritt 1980) or in 
some cases the sides of artificial containers (Merritt et al. 1992). While a few filter feeder species 
have evolved physiological mechanisms to gain some control over their dietary intake (Lehman 
1976, Caine 1977), these invertebrates usually are non-selective feeders that indiscriminately 
consume microbial flora and fine organic particulates present in the aquatic habitat (Jørgensen 
1955) and thus their food resource diversity is driven almost exclusively by the amount and type 
of leaves and associated bacteria and fungi available in the aquatic habitat (Esler et al. 2000). 
 Container-breeding mosquito larvae are among this latter group of non-selective feeders 
supported indirectly by detritus from terrestrial plants (Kitching 2001), and differences in quality 
of leaf detritus for mosquito development are well-established across mosquito species (David et 
al. 2000, David et al. 2002, Reiskind et al. 2010, Muturi et al. 2012) and aquatic mesocosms 
(e.g., tree holes, drainage ditches, storm water catch basins) (Walker et al. 1991, Gardner et al. 
2013). Mosquito adult emergence rates are related to the quantity and age of leaf detritus, where 
large masses of green leaves support higher emergence rates compared to small masses and 
senescent leaves (Walker et al. 1997). Emergence rates also vary due to species identity of leaf 
detritus in the aquatic environment. For example, our research showed that certain invasive plant 
species (e.g., Amur honeysuckle, Lonicera maackii) support higher emergence rates in Culex 
pipiens (Diptera: Culicidae) compared to native plants (Gardner et al. 2015). This finding 
contributes to a growing body of research demonstrating variation in the quality of leaf detritus 
species for development in mosquitoes and other arthropods with aquatic juvenile stages 
(Yanoviak 1999, Kominoski et al. 2007), a result with implications for understanding the drivers 
of the spatial-temporal abundance and distribution of filter-feeding invertebrates. 
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 Many aquatic habitats for mosquitoes and other freshwater macroinvertebrates contain 
leaves from multiple plant species (e.g., Swan and Palmer 2006, Lecerf et al. 2007), and the 
consequences of resource diversity for habitat quality for these organisms is incompletely 
understood. Alhough filter feeders generally lack physiological mechanisms to select for a 
diverse diet and instead extract essential nutrients post-ingestion (Price 1988), the benefits of 
resource diversity for animal fitness have been established in a variety of terrestrial and aquatic 
arthropod communities (Moore et al. 2004, Hättenschwiler et al. 2005). Much of this research 
has focused on the role of food diversity in alleviating interspecific competition between 
ecologically similar species via resource partitioning (Reiskind et al. 2012), but the positive 
effect of resource diversity extends to simple systems with a single consumer as well. For 
example, the co-occurrence of multiple leaf species in both aquatic and terrestrial environments 
has been linked to more rapid leaf decay rates (Salamanca et al. 1998, Kominoski et al. 2007) 
and increased growth of microorganisms (Gartner and Cardon 2004), potentially providing 
additional food to invertebrate detritivores. In mosquito communities, there is some evidence that 
aquatic mesocosms containing mixtures of two leaf detritus species yield faster development and 
higher adult emergence rates than expected compared to single leaf species (Reiskind et al. 
2012), but results among a limited number of such studies are conflicting (Muturi et al. 2015). 
Furthermore, the majority of this work focuses on Aedes species which have different feeding 
ecologies from Culex species mosquitoes (Yee et al. 2004). 
 The biological mechanisms underlying leaf detritus species dependent variation in habitat 
quality for mosquitoes in particular also are underexplored, and there are multiple possible 
interacting pathways by which leaf detritus may influence adult emergence rates. First, habitat 
quality may be altered by the plant secondary components that leach into the aquatic 
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environment during decomposition, including compounds that serve as defensive mechanisms 
against herbivores (Kuiters and Sarink 1986). These toxic phytochemicals may directly affect 
nervous system function in developing mosquitoes, and numerous larvicidal botanicals have 
been identified and extracted from plants (Shaalan et al. 2005). Plant secondary components also 
may act as antimicrobials, reducing the abundance of bacteria and fungi available to developing 
larvae as food resources (Rios et al. 1988, Silva et al. 2010). Second, habitat quality in response 
to leaf detritus species present in the aquatic environment may be related to the microbial flora 
associated with the leaf species. Both the importance of bacteria and fungi to the mosquito diet 
(Fish and Carpenter 1982, Walker and Merritt 1988) and the variability in microorganisms that 
grow on different leaf species (Findlay and Arsuffi 1989, Baldy et al. 1995) are well-
documented. Mosquito emergence may be mediated by microbial abundance if all bacteria and 
fungi are assumed equal in nutritional value to larvae (Kaufman et al. 1999). Alternatively, 
emergence may be driven by microbial diversity if different microorganisms produce different 
nutrients and a variety is required for larvae to extract essential dietary components, or by 
microbial community composition if some microbes produce toxic semiochemicals as 
byproducts of metabolism that may be deleterious to mosquitoes (Singer 1973, Lacey and 
Undeen 1986). 
 In this study, we tested three hypotheses regarding the effect of resource diversity on 
adult emergence rates and development of Culex pipiens, an important mosquito vector for West 
Nile virus in the northeastern and midwestern United States (Turell et al. 2001, Andreadis et al. 
2001). First, we tested the hypothesis that leaf resource diversity in the aquatic larval 
environment increases adult emergence rates, increases adult body size, and reduces 
development time to emergence. Second, we tested the hypothesis that variation in emergence 
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rates across single and mixed leaf species is related to the microbial community associated with 
the different leaves and their combinations, as opposed to plant secondary compounds leaching 
from the different leaf species. Third, we tested the hypotheses that alpha diversity and 
abundance and composition of bacterial and fungal operational taxonomic units (OTUs) are 
predictive of mosquito emergence rates and vary predictably among aquatic habitats containing 
different leaf detritus species. 
 
Methods 
Mosquitoes. Culex pipiens larvae were obtained by collecting egg rafts from five residential 
sites in Champaign-Urbana, Illinois, using grass infusion-baited oviposition traps (Reiter 1986). 
Egg rafts were individually hatched in 24-well plates and Cx. pipiens were distinguished from 
Culex restuans based on the presence or absence of a clear area anterior to the sclerotized egg-
breaker that is present in Cx. restuans and absent in Cx. pipiens (Dodge 1966). Larvae from 
different sites were pooled prior to their allocation to experimental treatments. 
 
Leaf detritus species and source. The four focal plant species considered in this study were two 
exotic and invasive and two native shrubs common within the geographic range of Cx. pipiens 
(Darsie and Ward 2004), all of which we used in previous experiments examining the effects of 
single leaf species on Cx. pipiens emergence rates, development, and oviposition site selection 
and represent a range of habitat quality (Gardner et al. 2015). The exotic shrubs were Lonicera 
maackii (Amur honeysuckle, ‘H’) and Elaeagnus umbellata (autumn olive, ‘A’), two highly 
invasive plants found in both natural and built environments (e.g., forest fragments, landscaped 
parks, and residential neighborhoods) throughout much of the United States (Deering and Vaknat 
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1999, Orr et al. 2005). The native shrubs were Rubus allegheniensis (blackberry, ‘B’), a bramble 
that occurs in thickets throughout the eastern and central United States, and Sambucus 
canadensis (elderberry, ‘E’), a deciduous shrub occurring east of the Rocky Mountains. In our 
previous studies, honeysuckle leaves supported rapid development and high emergence success 
of Cx. pipiens, while autumn olive and elderberry leaves yielded moderate adult emergence rates 
and blackberry leaves were deleterious to mosquito larvae. 
 Green leaves were collected from each plant species at three sites in Urbana, IL, 
(University of Illinois Pollinatarium, Illini Forestry Plantation, and Busey Woods) and pooled 
prior to their allocation to experimental treatments. We used fresh leaves rather than senescent 
leaves because while there is no interaction in response between the effect of leaf age and the 
effect of leaf species on mosquito emergence rates, the magnitude of the main effect of leaf 
species is larger for green leaves than senescent leaves (Walker et al. 1997). Moreover, in a 
survey of naturally occurring aquatic mosquito habitats (i.e., storm water catch basins) conducted 
in Decatur, Illinois, in 2013, we observed high masses of green leaves and low masses of 
senescent leaves due to the more rapid decomposition of senescent leaves (personal observation). 
 
Experimental design. A completely randomized design was established composed of 15 
treatments with five replicates per treatment (for a total of 75 containers). Four treatments 
consisted of single leaf species (H, A, B, E) as a baseline for comparison of mixture treatments. 
Six treatments consisted of mixtures of two leaf species (HA, HB, HE, AB, AE, BE); four 
treatments consisted of mixtures of three leaf species (HAB, HAE, HBE, ABE); and one 
treatment was a mixture of all four leaf species (HABE). Infusions were prepared by fermenting 
a total of 10 g green leaves in closed plastic 2 L buckets filled to the brim with tap water for 7 
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days, a standard infusion age used in comparable studies (e.g., Muturi et al. 2012, Gardner et al. 
2015). Thus, for the mixtures of two leaf species, 5 g of each species were infused together; for 
mixtures of three species, 3.3 g of each species were infused together; and for the mixture of four 
species, 2.5 g of each species were infused together. After the 7 day period, the leaves and large 
particulates were strained out of the buckets by passing the infusion through cheesecloth. Using 
this “whole infusion” with leaf particulates removed, two mosquito development assays were 
established. 
 
Experiment 1: whole infusion. In the first assay, 320 mL whole infusion were removed from each 
of the buckets in 360 mL tri-pour beakers, and 20 first instar Cx. pipiens were reared in each 
beaker. The containers were monitored daily and pupae were transferred individually to cotton-
sealed plastic vials with deionized water until all mosquitoes had either died or emerged as 
adults. The experiment was conducted in a walk-in incubator under ambient conditions of 25ºC, 
70% relative humidity, and a 16:8 (L:D) photoperiod. Adults were sorted by sex and date of 
emergence and their wing lengths determined. Development rate and adult body size are 
important determinants of vectorial capacity in mosquitoes (Ameneshewa and Service 1996, Alto 
et al. 2008). Rapid development rate facilitates high emergence success of mosquitoes from 
ephemeral habitats following rainfall, while adult body size is linearly related to longevity, an 
important component of vectorial capacity; only a vector that survives the duration of the viral 
extrinsic incubation period can infect an avian or mammalian host (Bellan 2010). 
 
Experiment 2: filtered infusion. In the second assay, the same experimental conditions and setup 
were maintained with first instar larvae from the same collection as the first assay. However, 
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instead of supplying the larvae with whole infusion, 320 mL whole infusion were passed through 
0.22 μm pore Stericup filters (Fisher Scientific, Hampton NH) powered by a belt drive rotary 
vacuum pump (Precision Scientific Instruments, Buffalo NY) to remove microorganisms while 
retaining the plant secondary components associated with the different leaf detritus mixtures. 
Every two days over a 20-day period, 0.1 mg ground TetraMin® tropical fish food flakes were 
added to each container as a uniform diet across all leaf detritus treatments. The fish food 
contains a mixture of crude protein, crude fat, crude fiber, and vitamins and minerals including 
phosphorus, Vitamin A, Vitamin B12, ascorbic acid, Vitamin D3, Vitamin E, niacin, inositol, 
choline, biotin, and omega-3 fatty acids and is used as a standard diet for colony-reared 
mosquitoes. 
 
Bacterial and fungal composition. Before adding larvae (day 0) to treatments as described 
above, 15 mL aliquots of 7-day-old whole infusion were taken from each container and stored at 
-80°C until further processing. Genomic DNA was extracted from the samples using the 
UltraClean® Soil DNA Isolation Kit (Mo Bio Laboratories Inc., Carlsbad CA, Cat. No. 12800-
50) according to the manufacturer’s instructions with the following modifications. Prior to the 
first step of the protocol, 15 mL infusion samples were concentrated by centrifugation at 5000 
rpm for 20 minutes. Next, 14.5 mL supernatant were removed and the pellet was re-suspended in 
the remaining supernatant by vortexing; these 500 μL aliquots of the sample were added to the 
bead solution tubes in the first step of the extraction protocol. The fifteenth step of the protocol 
(i.e., addition of Solution S4 and centrifugation) was repeated three times to maximize purity of 
the samples. 
 The 75 DNA extracts were sequenced using Illumina MiSeq Bulk v3 analysis at the W.  
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M. Keck Center for Comparative and Functional Genomics at the University of Illinois at 
Urbana-Champaign. We targeted three hypervariable regions of the 16S rRNA gene for bacterial 
surveys and the ITS1-ITS4 for fungal surveys using the following primer sets: V1-V3 forward 
5’–GAGTTTGATCNTGGCTCAG–3’, reverse 5’–GTNTTACNGCGGCKGCTG–3’; V3-V5 
forward 5’–CCTACGGGAGGCAGCAG–3’, reverse 5’–CCGTCAATTCMTTTRAGT–3’; V4 
forward 5’–GTGCCAGCMGCCGCGGTAA–3’, reverse 5’–GGACTACHVGGGTWTCTAAT–
3’; and ITS1-ITS4 forward 5’–TTCGTAGGTGAACCTGCGG–3’, reverse 5’–
TCCTCCGCTTATTGATATGC–3’. For Illumina library preparation by Fluidigm protocols, 
DNA from each water sample was amplified using the four primer sets added with Fluidigm 
Illumina linkers and unique barcodes. The final Fluidigm libraries were pooled for sequencing at 
the Keck Center’s DNA Services laboratory. The V4 region yielded 8.5 million reads, more than 
two times the number of reads for the V3-V5 region (3.9 million reads) and more than three 
times the number of reads for the V1-V3 region (2.6 million reads); therefore the V4 region was 
used for subsequent analyses. The ITS1-ITS4 region yielded 2.0 million reads. 
 The IM-TORNADO v2.0.3.2 pipeline (Jeraldo et al. 2014) was used on the University of 
Illinois at Urbana-Champaign Biocluster to demultiplex and quality filter both bacterial and 
fungal forward and reverse reads. IM-TORNADO trims low quality bases using Trimmomatic 
(Bolger et al. 2014) before running de novo OTU picking. For this analysis, we used 
R1_TRIM=150 as the cut-off length for the R1 read and R2_TRIM=150 as the cut off length for 
the R2 read. For the taxonomy assignment, the RDP10 database (latest version accessed and 
downloaded April, 2015) (Cole 2009) was used for bacterial reads and the UNITE ITS database 
(latest version accessed and downloaded April, 2015) (Kõljalg et al. 2005) was used for fungal 
reads. Sampling effort was standardized per sample using rarefaction to normalize read depth to 
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38,773 reads per sample for bacterial reads, and 3,746 reads per sample for fungal reads. The 
lower number was chosen for fungal reads to retain sufficient sample sizes because read depth 
was much lower for the ITS amplicons compared to the 16S amplicons per sample. In addition, 
reads were filtered using the criterion that an OTU must constitute a minimum total observation 
count of 0.001 (i.e., 0.1 percent) for retention. 
 
Statistical analysis. All statistical analyses were conducted in SAS 9.3 using PROC GLM (SAS 
Institute Inc., Cary NC), with the exception of bacterial and fungal community analyses which 
were conducted using PC-ORD 6 (MjM Software Design, McCune and Mefford 2011) and 
distance-based regression models which were conducted using the ecodist v1.2.9 package in R 
(Goslee and Urban 2013). 
 
Effects of resource diversity. To test the hypothesis that resource diversity in the aquatic habitat 
increases adult mosquito emergence rates, a general linear model first was fit to the proportion of 
mosquitoes emerged (males and females combined) given by 
𝑌𝑖𝑗𝑘 = 𝜇 + 𝛼𝑖 + 𝛽(𝑖)𝑗 + 𝜀(𝑖𝑗)𝑘    (Eqn. 2.1) 
where 𝛼𝑖 represents the main effect of the number of leaf species contained in the treatment (i.e., 
one, two, three, or four leaf species) and 𝛽(𝑖)𝑗 represents the main effect of the leaf mixture 
nested within the number of leaf species (e.g., HAB, HAE, HBE, and ABE nested within three 
leaf species). Tukey’s mean separation test was conducted to detect significant pairwise 
differences among numbers of leaf species and among leaf mixtures within number of leaf 
species. If the effect of resource diversity on emergence were additive, we would expect to see 
no significant effect of number of leaf species, whereas a significant F test would indicate a 
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synergistic or antagonistic effect of leaf species diversity. To further clarify the magnitude and 
direction of non-additive effects of resource diversity on emergence, linear contrasts were 
performed using ESTIMATE statements in SAS and a Bonferroni adjustment for multiple 
comparisons. In brief, we compared the mean emergence rate for a leaf mixture treatment to the 
combined mean response for its constituent individual leaves. For example, to test the effect of 
mixing honeysuckle and elderberry leaves for additivity, we conducted a T test for the null 
hypothesis given by 
ℓ = 𝜇𝐻𝐸 − (𝜇𝐻 + 𝜇𝐸)/2 = 0     (Eqn. 2.2) 
A non-significant contrast indicated an additive effect of mixing leaf species, while a significant 
positive T statistic indicated a synergistic effect and a significant negative T statistic indicated an 
antagonistic effect. 
 To test the hypothesis that resource diversity increases adult body size and reduces the 
development time to adult emergence, Multivariate Analysis of Variance (MANOVA) tests were 
fit with average body size (wing length) and average development time per container as the 
responses and number of leaf species and leaf mixture nested within number of species as 
predictors. Standardized canonical coefficients (SCCs) were used to describe the relative 
contributions of development time and wing length to significant main effects. Separate analyses 
were conducted for male and female mosquitoes, and the need to separate the sexes for 
examination of these life history traits is the reason emergence rate data were not included in the 
same multivariate model. 
 
Effects of uniform diet. To test the hypothesis that variation in emergence rates across single and  
mixed leaf species is related to the microbial community associated with the different leaves and  
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their combinations, we repeated the same statistical analyses described above (Eqn. 1 and Eqn. 
2) for the second assay, in which microbes were removed from the leaf infusions and replaced 
with a uniform diet while retaining the secondary components associated with the different leaf 
detritus mixtures. If plant secondary compounds were the main driver of emergence rates, we 
would expect to see a significant effect of leaf mixture within leaf species. If the microbial 
community were related to emergence rates, we would expect to see a reduction in magnitude or 
no significance of the main effect of leaf mixture. 
 
Effects of bacteria and fungi on emergence. To test the hypothesis that diversity of bacterial 
OTUs is predictive of mosquito emergence rates, the Shannon index was estimated for each 
replicate container and a simple least squares linear regression model was fit to the proportion of 
mosquitoes emerged (males and females combined) with this diversity measure as the single 
predictor. This model ignored the identity of the leaf species associated with each replicate and 
simply related emergence rates to bacterial diversity. Because fungal and bacterial sequencing 
were carried out using different amplicons and thus cannot be combined for downstream 
analyses, the same analysis was repeated separately to test the hypothesis that diversity of fungal 
OTUs is linearly related to emergence rates. 
 To test the hypothesis that abundance and composition of bacterial OTUs are predictive 
of mosquito emergence rates, non-metric multidimensional scaling (NMDS) first was conducted 
with abundances of unique bacterial OTUs as the raw explanatory variables (Kruskal 1964) and a 
Bray-Curtis dissimilarity index which takes into account both the presence/absence and the 
relative abundance of species. Ordination is a commonly used dimension reduction procedure in 
community ecology designed to circumvent the problem that many statistical techniques used for 
51 
 
hypothesis testing (e.g., regression, MANOVA) cannot handle high-dimensional data matrices 
containing many zeroes (Legendre and Legendre 1998) and become difficult to interpret in the 
presence of multicollinearity (Graham 2003), both typical of species abundance data. NMDS in 
particular is advantageous for community analyses compared to other ordination techniques (e.g., 
principal components analysis, canonical correspondence analysis) because it does not assume 
linear relationships among variables, its use of ranked distances makes the method appropriate to 
small and non-normal data sets, and it allows the use of any distance matrix of dissimilarities for 
viewing underlying data structures (McCune et al. 2002, Ramette 2007). The number of NMDS 
axes was selected based on a stress test, using the criterion that the addition of an axis must 
reduce stress by at least five. Next, a distance-based regression model was fit with the proportion 
of mosquitoes emerged (males and females combiend) as the response and the predictors 
contained in the NMDS distance matrix. This non-parametric approach provides permutational 
tests of significance for regression coefficients (Legendre et al. 1994, Lichstein 2007), and the 
test was conducted with 1000 iterations. The same analyses were repeated separately to test the 
hypothesis that abundance and composition of fungal OTUs are predictive of mosquito 
emergence rates. 
 
Bacterial and fungal community analyses. If characteristics of the microbial community were 
found predictive of emergence rates, our next objective was to describe the variation in bacterial 
and fungal flora associated with the different leaf detritus treatments. To test the hypothesis that 
diversity of bacterial OTUs varies among aquatic habitats containing different leaf detritus 
species, the linear model including the number of leaf species and leaf mixture nested within 
number of leaf species (Eqn. 2.1) was fit with the Shannon index for each container as the 
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response. Tukey’s mean separation test was conducted to detect significant pairwise differences 
among numbers of leaf species and among leaf mixtures within number of leaf species. The same 
analysis was repeated separately to compare the diversity of fungal OTUs across leaf detritus 
treatments. 
 To test the hypothesis that abundance and composition of bacterial OTUs vary 
predictably among aquatic habitats containing different leaf detritus species, multi-response 
permutation procedure (MRPP) tests were used to test for differences among groups established 
a priori based on leaf detritus treatments (Miekle 1976). MRPP is a non-parametric analog to 
MANOVA, in which the average within-group distance in multidimensional space is calculated 
for the specified groups, then all experimental replicates are randomly assigned to new groups 
and the average within-group distances calculated again over a series of iterations. The statistical 
significance of the observed average within-group distances is determined by comparing the 
observed test statistic to the distribution of within-group distances generated by the 
randomization test. Separate MRPP tests with 1000 iterations were conducted comparing 
bacterial community composition and structure among treatments containing different numbers 
of leaf species and among leaf mixtures within a given number of species, with a Bonferroni 
adjustment for multiple comparisons. These analyses were repeated separately to compare the 
abundance and composition of fungal OTUs across leaf detritus treatments. 
 Finally, to identify key bacterial OTUs that are highly characteristic of (i.e., both faithful 
to and exclusive to) particular leaf detritus treatments, indicator species analysis (ISA) was 
carried out comparing the single leaf species treatments (Dufrêne and Legendre 1997). The goal 
of this analysis was to identify taxa that may be responsible for strong effects on emergence rates 
such as the deleterious effect of blackberry leaves on mosquito larvae (Gardner et al. 2015). A 
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perfect indicator score of 100 indicates that a taxon occurs in all samples for a given treatment 
and occurs in no samples for any other treatments; here, we required a cutoff indicator value of 
80 for a bacterial OTU to be considered an indicator taxon for a leaf species. The same analysis 
was repeated separately to identify indicator species among fungal OTUs across leaf detritus 
species. 
 
Results 
Non-additive effects of resource diversity. Emergence rates varied within and among number 
of leaf species contained in treatments, with significant main effects of number of leaf species (F 
= 34.08; df = 3, 58; P < 0.01) and mixture nested within number of species (F = 42.16; df = 11, 
58; P < 0.01). On average, the treatment containing all four leaf species yielded the highest 
emergence rate, followed by treatments containing three leaf species, with no significant 
difference between treatments containing one versus two leaf species (Figure 2.1a). While we 
found variation in emergence among the single leaf species and two species mixtures, with 
honeysuckle leaves supporting the highest emergence rates (0.89 ± 0.04) and blackberry leaves 
yielding no survival (0 ± 0.04), there were no significant pairwise differences between leaf 
mixtures containing three species regardless of the identity of the three species (Figure 2.1b-e). 
Further, linear contrasts demonstrated a synergistic emergence response to mixtures of three and 
four leaf species (with the exception of the additive HAB mixture), but more variability in 
responses to mixtures of two leaf species (Table 2.1). Among the two leaf species mixtures, three 
treatments (HB, AE, and BE) had antagonistic effects on mosquito emergence, while all other 
treatments had additive effects. 
 Development time to emergence and adult wing length also varied within and among  
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number of leaf species contained in treatments, with significant main effects of number of leaf 
species and mixture nested within number of species for males and females (Table 2.2). On 
average the treatments containing three and four leaf species yielded more rapid development 
and larger adult sizes compared to the treatments containing one and two leaf species in males 
and females (Figure 2.2). Among the single leaf species, the most rapid development time was 
observed in honeysuckle for males (7.73 ± 0.24 days) and females (8.93 ± 0.33 days) and the 
slowest development time was observed in elderberry for males (9.97 ± 0.24 days) and females 
(10.85 ± 0.33 days) (Figure 2.2b). Similarly, the largest wing lengths were observed in 
honeysuckle for males (3.85 ± 0.04 mm) and females (4.37 ± 0.04 mm), while the shortest wing 
lengths were observed in autumn olive for males (3.70 ± 0.04 mm) and elderberry for females 
(4.02 ± 0.04 mm). Here, linear contrasts were not conducted to test for additive effects of leaf 
mixtures due to lack of survivors among larvae reared in the blackberry leaf infusion. 
 
Role of microbial flora in habitat quality. Following filtering of whole infusion to remove the 
bacteria and fungi and addition of a uniform larval diet across all treatments, emergence rates did 
not vary within or among number of leaf species contained in treatments, with non-significant 
main effects of number of leaf species (F = 0.02; df = 3, 60; P = 0.99) and mixture nested within 
number of species (F = 1.38; df = 11, 60; P = 0.21). Similarly, there were no significant main 
effects of number of leaf species and mixture on development time to emergence or wing length 
for males or females. 
 
Bacterial and fungal diversity and emergence. Bacterial and fungal OTUs were profiled  
across 15 leaf detritus mixtures. After rarefaction, quality filtering, and criteria filtering of raw  
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reads, 227 OTUs were retained for bacterial (16S V4) amplicons and 142 OTUs were retained 
for fungal (ITS1-ITS4) amplicons. Bacterial taxa were dominated by the phyla Bacteroidetes, 
Firmicutes, and Proteobacteria while fungal taxa were dominated by the phylum Ascomycota. 
Bacterial diversity (computed using the Shannon index) alone was not a significant 
predictor of adult mosquito emergence rates (F = 1.33; df = 1, 68; P = 0.19) and did not vary 
within or among number of leaf species contained in detritus treatments, with non-significant 
main effects of number of leaf species (F = 0.61; df = 3, 55; P = 0.61) and mixture nested within 
number of leaf species (F = 1.11; df = 11, 55; P = 0.37). Similarly, fungal diversity was not a 
significant predictor of adult mosquito emergence rates (F = 0.11; df = 1, 60; P = 0.74) and did 
not vary within or among number of leaf species contained in detritus treatments, with non-
significant main effects of number of leaf species (F = 2.85; df = 3, 47; P = 0.06) and mixture 
nested within number of leaf species (F = 1.38; df = 11, 47; P = 0.21). 
 
Bacterial and fungal composition and emergence. Ordination using NMDS reduced 227 
unique bacterial OTUs to three axes. NMDS axis 1 explained 35 percent of variation in the 
distance matrix, axis 2 explained 20 percent, and axis 3 explained 15 percent. Permutational 
distance-based regression showed the bacterial distance matrix was predictive of emergence rates 
(F = 42.75; P < 0.01). Similarly, ordination using NMDS reduced 142 unique fungal OTUs to 
three orthogonal axes, where NMDS axis 1 explained 22 percent of variation in the distance 
matrix, axis 2 explained 27 percent, and axis 3 explained 31 percent. In contrast to the bacteria, 
however, scores extracted from the fungal NMDS axes for each replicate were not predictive of 
emergence rates (F = 10.21; P = 0.10). Thus, no additional analyses were carried out related to 
the fungal community. 
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Bacterial abundance and composition varied within and among number of leaf species 
contained in treatments, with significant main effects of number of leaf species (T = -11.17; P < 
0.001) and mixture nested within number of species (T = -19.46; P < 0.001). Significant pairwise 
differences between treatments based on MRPP analysis generally mirrored those observed in 
comparisons of mosquito emergence rates (Table 2.3). No significant differences were found 
between the centroids for the treatments containing all four leaf species compared to three leaf 
species, and similarly no significant differences were found between the treatments containing 
two leaf species compared to single leaf species, although the three/four-leaf species and 
one/two-leaf species groups were different from each other (Figure 2.3a). While we found 
variation in bacterial composition among the single leaf species and two species mixtures, there 
were no significant pairwise differences in bacterial composition between leaf mixtures 
containing three species or four species regardless of the identity of the species (with the 
exception of the ABE mixture which was significantly different from all other three species 
mixtures; Figure 2.3b-d). 
 ISA identified bacterial OTUs that are highly characteristic of (i.e., both consistent with 
and exclusive to) particular leaf detritus treatments, and taxa with indicator scores greater than 
80 for each single leaf species are tabulated in Table 2.4 (two taxa for honeysuckle, two taxa for 
autumn olive, 12 taxa for elderberry, and six taxa for blackberry). In particular, the highest 
scoring indicator taxa for each treatment were as follows: honeysuckle – Anaerovorax sp. 
(Firmicutes, Clostridia), Comamonas sp. (Proteobacteria, Betaproteobacteria); autumn olive – 
Dyadobacter (Bacteroidetes, Cytophagia), Acidovorax (Proteobacteria, Betaproteobacteria); 
blackberry – Paludibacter (Bacteroidetes, Bacteroidia), Flavonifractor sp. (Firmicutes, 
Clostridia), Acidovorax sp. (Proteobacteria, Betaproteobacteria); elderberry – Sporobacter sp. 
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(Firmicutes, Clostridia), Erwinia sp. (Proteobacteria, Gammaproteobacteria), and Clostridium sp. 
(Firmicutes, Clostridia). 
 
Discussion 
 In this study, we tested three hypotheses regarding the effect of resource diversity on 
adult emergence rates and development of Cx. pipiens mosquitoes. First, we found support for 
the hypothesis that leaf resource diversity in the aquatic larval environment increases emergence 
rates, increases adult body size (wing length), and shortens the development time to emergence. 
Second, we found support for the hypothesis that variation in emergence rates across single and 
mixed leaf species treatments is related to the microbial community associated with the different 
leaves and their combinations, in contrast to plant secondary compounds leaching from decaying 
leaf detritus. Third, we found support for the hypothesis that abundance and composition of 
bacterial taxa are predictive of mosquito emergence rates and vary predictably among aquatic 
habitats containing different leaf detritus species. However, we did not observe the same effects 
among fungal taxa, nor did we find support for the hypotheses that diversity per se of bacteria 
and fungi are predictive of emergence rates or that diversity varies across detritus species when 
considered independently of the composition of the microbial community. 
 Our study contributed to a well-established body of literature suggesting that leaf detritus 
species vary in quality for mosquito development and adult emergence (Yanoviak 1999, Yee and 
Juliano 2006, Reiskind et al. 2010, Muturi et al. 2012), and confirmed our previously reported 
results that Amur honeysuckle leaves are a high-quality resource for Cx. pipiens larvae while 
blackberry leaves are deleterious to this species (Gardner et al. 2015). While numerous studies 
have addressed the effects of single leaf species on mosquito performance, the aquatic 
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environments inhabited by larvae in naturally-occurring container habitats (e.g., ditches, used 
tires, tree holes, storm water catch basins) typically contain mixtures of a variety of leaf detritus 
species and comparatively few experiments mostly with Aedes mosquitoes have examined the 
impact of leaf detritus mixtures on mosquito performance. Further, these limited studies often 
have focused on mixtures of only two leaf species, potentially yielding biased conclusions 
regarding the impact of leaf resource diversity if one of the leaf species selected was highly 
nutritious. For example, Reiskind et al. (2012) found a strong synergistic effect of mixing leaf 
detritus species on Aedes aegypti and Ae. albopictus emergence rates, while Muturi et al. (2015) 
found no support for the hypothesis that resource diversity results in non-additive effects on 
production of adult Ochlerotatus triseriatus, Oc. japonicus, and Cx. restuans. 
 In our current study, we deliberately selected leaf species representing a range of qualities 
for Cx. pipiens development and a larger number of leaf combination treatments than has been 
considered in prior work (four single leaf species, six two-leaf species mixtures, four three-leaf 
mixtures, and one four-leaf mixture). We observed the general trend that increasing leaf diversity 
in the aquatic environment yields higher adult emergence rates, larger adult body sizes, and more 
rapid development time to emergence compared to single leaf species, consistent with the result 
of Reiskind et al. (2012). We also used linear contrasts to evaluate the nature of the effect of 
number of leaf species on performance of larvae. We found mixtures of three leaf species yielded 
statistically equal emergence rates and consistently produced a synergistic effect compared to the 
mean emergence rate for the constituent single leaf species, regardless of the identity of the 
particular leaves. However, in mixtures of two leaf species we observed more variability in the 
emergence response. While the majority of two leaf mixtures produced an additive effect, the 
mixtures containing blackberry leaves often yielded an antagonistic effect on emergence, 
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indicating that addition of a higher-quality resource did not offset the deleterious effect of the 
blackberry leaves. 
 The design of our experiment was motivated in part by an interest in identifying whether 
the primary mechanism underlying leaf species dependent variation in mosquito adult emergence 
rates, and in particular the deleterious effect of some leaves such as blackberry, is related to the 
nutritional quality of the microbial communities associated with the different leaf species versus 
plant secondary compounds that leach from the leaves as they decay and may be toxic to larvae 
(Kuiters and Sarink 1986). In one iteration of the development assay, infusions were filtered to 
remove the bacteria and fungi associated with different leaf detritus species while retaining the 
chemical background of those treatments, and the microbial flora were replaced with a uniform 
diet as a food supply. In these assays, we found no variation in emergence rates within or among 
number of leaf species contained in the treatments, which we interpret as an indication that the 
emergence response to different leaf detritus mixtures is not driven primarily by plant secondary 
compounds and may be related to the microbial community; if plant secondary compounds were 
the main driver of emergence, we would have expected to continue to see a significant effect of 
leaf mixture under these experimental conditions. This observation was consistent with the 
findings of other studies that suggest the importance of microbial flora to the fitness of filter-
feeding invertebrates (Fish and Carpenter 1982, Walker and Merritt 1988). 
 We conducted a correlational analysis to assess characteristics of the bacterial and fungal 
communities that may be predictive of adult mosquito emergence rates. Initially we hypothesized 
that diversity of bacteria and fungi are predictive of emergence rates, when considered 
independently of the composition of microbial taxa, based on the reasoning that different 
microorganisms produce different nutrients and filter-feeding aquatic macroinvertebrates require 
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resource variety to extract essential dietary components. We did not find support for this 
hypothesis in either bacteria or fungi. We also did not find support for the hypothesis that fungal 
composition varies among leaf detritus treatments and is predictive of Cx. pipiens emergence 
rates, but we did find support for the hypothesis that bacterial composition is predictive of 
emergence rates. The relative importance of bacteria compared to fungi most likely reflects a 
substantially greater abundance of bacteria compared to fungi across all detritus treatments. 
Multivariate community analysis metrics first were used to compare the bacterial flora associated 
with the four individual leaf species and then to compare the composition of bacterial taxa 
among the different leaf mixtures in an effort to clarify the ecological mechanisms underlying 
variation in emergence rates. Pairwise differences in observed emergence rates generally 
reflected pairwise differences in bacterial composition; again we found that bacterial 
composition did not vary substantially among mixtures of three or four leaf species, although 
significant pairwise differences were found among the four single leaf species and some 
mixtures of two leaf species. Although a few other studies have characterized the microbial flora 
associated with aquatic mosquito habitats (Ponnusamy et al. 2008, Duguma et al. 2013, Muturi et 
al. 2013), none have attempted to relate bacterial community composition and structure to 
emergence outcomes. 
The deleterious blackberry leaf treatment was of particular interest to us for potential 
downstream mosquito control applications in aquatic habitats (e.g., storm water catch basins), 
and key taxa differentiating this treatment from the other single leaf species included taxa 
belonging to the phyla Proteobacteria and Firmicutes (particularly the class Clostridia). This 
result was consistent with our previous experiment that showed relative abundance of the class 
Betaproteobacteria is negatively correlated to emergence rates of Cx. pipiens (Gardner et al. 
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2015). However, we also found that members of the same groupings were indicator taxa for 
honeysuckle and autumn olive treatments, in which mosquito performance was substantially 
better. This result indicates that the phylum or class taxonomic level may not be the appropriate 
taxonomic grouping at which to attempt to draw correlations with mosquito emergence, and a 
higher degree of taxonomic detail is needed to identify bacteria that may be exploited for vector 
control strategies. Additional studies are required to identify the particular bacterial taxa that may 
be involved in determining Cx. pipiens emergence, and this will be a challenging avenue to 
pursue experimentally because it is unknown whether these bacteria are culturable. 
We wish to note that there are multiple possible explanations for the patterns we observed 
in mosquito emergence rates in response to leaf detritus mixture. First, we did not allow the mass 
of leaves to vary between container replicates, only the proportion of leaves belonging to each 
species, so it is impossible to rule out the interpretation that the 10 g of blackberry leaves in the 
single species treatment and the 5 g of blackberry leaves in the two leaf species treatments were 
sufficient to inhibit larval growth whereas the 3.3 g of leaves in the three species treatments and 
the 2.5 g of leaves in the four leaf species treatment were not. Second, it may be that we 
consistently observed the synergistic effect of mixing three or four leaf species as an artifact of 
the length of time for which infusion was prepared prior to allocation of larvae to experimental 
replicates. We argue that the infusion age considered in this study is biologically relevant, 
because experiments conducted in the field have demonstrated that aquatic mesocosms 
containing leaf detritus generally become attractive to Cx. pipiens for oviposition after 
approximately seven days of leaf decay (Gardner et al. 2015). However, it has been shown that 
combinations of leaves decompose more rapidly than single leaf species (Salamanca et al. 1998, 
Kominoski et al. 2007), and perhaps given a longer fermentation time, the single and two leaf 
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species mixtures would have yielded equal emergence rates compared to the three and four leaf 
species mixtures. 
 Further, although our results provide experimental support for the concept that the 
microbial community does have a function, albeit one that is incompletely understood, in 
mediating leaf species dependent variation in development and emergence of Cx. pipiens, our 
findings are subject to a number of experimental limitations and thus should be interpreted with 
caution. The fish food diet supplied to the developing larvae in lieu of the microbial flora is a 
highly nutritious resource for mosquitoes, containing proteins and vitamin supplements that are 
not necessarily characteristic of aquatic communities fueled by plant detritus (Yee and Juliano 
2006). There is evidence that a high-quality diet may enable some aquatic macroinvertebrates to 
persist in a toxic environment (David et al. 2000), and Cx. pipiens in particular is well-known to 
tolerate poor quality aquatic habitats; in fact this mosquito is an indicator species commonly used 
for water quality assessment to identify polluted environments (Gaufin and Tarzwell 1952). 
However, at least one study of container-breeding mosquitoes used path analysis to demonstrate 
that the potentially toxic effects of leaf detritus itself may be offset by the indirect effect of 
bacterial production by decomposing leaves in Ae. albopictus and Oc. triseriatus (Yee et al. 
2007), so we argue that the addition of fish food in our experiment may not represent a strong 
departure from food dynamics in naturally-occurring aquatic environments. Based on our current 
experimental design, we also cannot evaluate the possibilities that the leaves leach antimicrobial 
compounds, reducing the overall abundance of bacteria and fungi available to larvae as food 
resources (Rios et al. 1988, Silva et al. 2010), that microbes themselves produce semiochemicals 
that are toxic to mosquitoes as byproducts of metabolism (Singer 1973, Lacey and Undeen 
1986), or that variation in ion concentration and ratios (e.g., carbon and nitrogen) across leaf 
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detritus treatments is responsible for some leaf species supporting a greater abundance of 
microbial flora than others (Walker et al. 1997).  
 The current study has provided additional evidence that the adult emergence success of 
container-breeding mosquitoes depends largely upon the quality of the aquatic environment, and 
a high diversity of leaf detritus resources may yield an altered microbial community that better 
supports the development and eventual survival of Cx. pipiens larvae. Given that filter-feeding 
macroinvertebrates generally have little choice in the resources they consume so are beholden to 
the quality of their environment, a logical corollary question is whether leaf detritus and 
microbial flora have a similar role in mediating mosquito oviposition site selection. Optimal 
oviposition theory suggests that organisms should interpret cues to choose the highest-quality 
habitat for the development of progeny (Gripenberg et al. 2010). However, our previous research 
which focused strictly on leaf detritus species and did not address the bacterial community with a 
high level of taxonomic resolution suggested that in fact mosquitoes are not always capable of 
recognizing the optimal habitat for oviposition (Gardner et al. 2015), and other studies have 
linked semiochemicals produced by the bacterial flora as byproducts of metabolism to habitat 
selection by gravid female Ae. aegypti and Ae. albopictus (Ponnusamy et al. 2008, Ponnusamy et 
al. 2010). Future experimental studies should address whether Cx. pipiens are more likely to 
choose habitats containing multiple leaf species for oviposition, reflecting the high quality of 
these habitats, and investigate potential mechanisms for any deviations from this expectation 
including characteristics of the microbial community associated with aquatic habitats in order to 
more fully capture the complex ecology of mosquito production in variable environments. 
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Figures and Tables 
 
 
 
Figure 2.1. Proportion of 20 Culex pipiens larvae that emerged as adults from whole leaf 
infusion across a) different numbers of leaf detritus species, b) single leaf species treatments, c) 
two leaf species treatments, d) three leaf species treatments, and e) four leaf species. Grouping 
letters represent significant within-number of species pairwise differences at 𝛼 = 0.05. 
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Figure 2.2. Mean wing length (mm) and development time (days) for Culex pipiens males and 
females reared in whole leaf infusion across a) different numbers of leaf detritus species, b) 
single leaf species treatments, c) two leaf species treatments, and d) three leaf species treatments. 
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Figure 2.3. Non-metric multidimensional scaling (NMDS) plot of 70 replicate containers on 227 
bacterial taxa with a Bray-Curtis dissimilarity index across a) different numbers of leaf detritus 
species, b) single leaf species treatments, c) two leaf species treatments, and d) three leaf species 
treatments. 
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Table 2.1. Linear contrasts testing for additive effects of mixing four leaf detritus species on 
Culex pipiens adult emergence rates by comparing mean emergence rates for mixture treatments 
to the combined mean response for their constituent individual leaf species. Red indicates a 
synergistic effect, blue indicates an antagonistic effect, and white indicates an additive effect. 
 
Leaf mixture Estimate SE T P Effect 
HA 0.035 0.053 0.67 0.508 Additive 
HB -0.170 0.057 -2.99 0.004 Antagonistic 
HE 0.075 0.053 1.43 0.159 Additive 
AB -0.073 0.057 -1.28 0.207 Additive 
AE -0.200 0.053 -3.80 < 0.001 Antagonistic 
BE -0.100 0.053 -1.90 0.062 Antagonistic 
HAB 0.077 0.050 1.55 0.127 Additive 
HAE 0.127 0.050 2.56 0.013 Synergistic 
HBE 0.113 0.050 2.29 0.026 Synergistic 
ABE 0.203 0.050 4.10 < 0.001 Synergistic 
HABE 0.343 0.048 7.14 < 0.001 Synergistic 
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Table 2.2. Multivariate Analysis of Variance (MANOVA) for the effect of number of leaf 
species and mixture nested within number of leaf species on Culex pipiens female and male 
development time to emergence (days) and wing length (mm). 
 
Sex Variable df 
Pillai’s 
trace 
P 
SCCs 
Development time Wing length 
Female Number of leaves 6 13.41 < 0.001 1.465 -1.986 
Mixture(Number) 20 5.99 < 0.001 1.364 -2.084 
Male Number of leaves 6 17.72 < 0.001 3.042 -0.982 
Mixture(Number) 20 8.56 < 0.001 2.751 1.909 
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Table 2.3. Multiple response permutation procedure (MRPP) for the effect of number of leaf 
species and mixture nested within number of leaf species on 227 bacterial taxa. Grouping letters 
represent significant pairwise differences at 𝛼 = 0.05. 
 
Test 1: Number of leaf species 
Treatment group n Average distance Significance letters 
1 leaf species 19 0.764 A 
2 leaf species 29 0.719 A 
3 leaf species 18 0.584 B 
4 leaf species 4 0.749 B 
Test 2: Single leaf species mixtures 
Treatment group n Average distance Significance letters 
H 5 0.701 A 
A 5 0.699 B 
E 5 0.695 C 
B 4 0.557 D 
Test 3: Two leaf species mixtures 
Treatment group n Average distance Significance letters 
HA 5 0.622 A 
HE 5 0.641 A 
HB 4 0.534 B 
AB 5 0.735 C 
AE 5 0.540 C 
BE 5 0.349 D 
Test 4: Three leaf species mixtures 
Treatment group n Average distance Significance letters 
HAB 5 0.504 A 
HAE 4 0.506 A 
HBE 5 0.411 A 
ABE 4 0.561 B 
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Table 2.4. Bacterial OTU indicator taxa (IV cutoff of 80) for each of four single leaf species. 
 
Leaf species OTU IV Phylum Class Genus 
Autumn 
olive 
275 95.5 Bacteroidetes Cytophagia Dyadobacter 
58 89.4 Proteobacteria Betaproteobacteria Acidovorax 
Blackberry 
2726 93.3 Bacteroidetes Bacteroidia Paludibacter 
1676 86.5 Firmicutes Clostridia Flavonifractor 
2 86.4 Proteobacteria Betaproteobacteria Acidovorax 
387 81.5 Proteobacteria Betaproteobacteria Comamonas 
2228 80.1 Proteobacteria Alphaproteobacteria Pleomorphomonas 
39 80 Bacteroidetes Cytophagia Siphonobacter 
Elderberry 
1707 100 Firmicutes Clostridia Sporobacter 
38 99.7 Proteobacteria Gammaproteobacteria Erwinia 
124 99.2 Firmicutes Clostridia Clostridium 
41 98.7 Proteobacteria Gammaproteobacteria Cronobacter 
14 97.1 Firmicutes Negativicutes Zymophilus 
6 97 Proteobacteria Gammaproteobacteria Acinetobacter 
137 94.8 Firmicutes Clostridia Clostridium 
1791 89 Actinobacteria Actinobacteria Mycobacterium 
3131 86.6 Proteobacteria Betaproteobacteria Comamonas 
79 85.3 Proteobacteria Gammaproteobacteria Nevskia 
129 80.5 Proteobacteria Alphaproteobacteria Saccharibacter 
1388 80.2 Firmicutes Bacilli Paenibacillus 
Honeysuckle 
3026 86.3 Firmicutes Clostridia Anaerovorax 
121 82.1 Proteobacteria Betaproteobacteria Comamonas 
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CHAPTER 3 
Exploitation of ecological traps for the control of a mosquito vector for West Nile virus 
 
Abstract 
For container-breeding mosquitoes, both the attractiveness of aquatic mesocosms for oviposition 
and the quality of these habitats for developing larvae are determined in part by inputs of leaf 
detritus from the terrestrial environment. But contrary to the expectations of optimal oviposition 
theory, this does not always result in selection for high-quality habitats. When organisms select a 
low-quality habitat, the mismatch between the attractiveness of a habitat and its quality for 
reproduction is known as an ecological trap. In urban ecosystems, Culex pipiens (Diptera: 
Culicidae), an important vector for West Nile virus in the northeastern and midwestern United 
States, typically lays eggs in roadside storm water catch basins and these permanent and semi-
permanent water sources are longstanding targets for mosquito abatement via application of 
insecticides. In this study, we investigated the potential to improve the efficacy of existing 
control strategies for Cx. pipiens and provide botanical alternatives to conventional larvicides by 
exploiting naturally-occurring and artificial ecological traps for attract-and-kill mosquito control. 
First, we conducted a field trial that found support for the hypotheses that inputs of two 
ecological traps – attractive yet deleterious common blackberry (Rubus allegheniensis) leaves 
and attractive Amur honeysuckle (Lonicera maackii) leaves combined with a Bacillus 
thuringiensis var. israelensis (Bti) briquette – in catch basins in a residential neighborhood 
increase mosquito oviposition rates and reduce adult emergence rates compared to a positive 
control. Second, we used field bioassays and binary choice cage bioassays to find support for the 
hypothesis that the attractiveness of these leaf species is related to plant secondary compounds 
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leaching from the leaf detritus. Third, we used next-generation sequencing and multivariate 
community analysis approaches to find support for the hypothesis that composition of bacterial 
flora varies predictably among habitats containing different leaf detritus species, although these 
differences are not predictive of mosquito oviposition rates. The results of this study provide 
experimental proof of concept for further exploration of a cheap and effective integrated vector 
management tool that may have minimal non-target effects and reduced potential to select for 
insecticide resistance. 
 
Introduction 
 Arthropod-vectored diseases now constitute nearly 30 percent of emerging infectious 
diseases worldwide, and recent decades have seen numerous vector-borne pathogens spread at 
unprecedented rates throughout human and wildlife populations (Jones et al. 2008). In particular, 
more than half the global human population is at risk of exposure to pathogens transmitted via 
the bite of an infected mosquito, including dengue fever, chikungunya, Zika, and yellow fever, 
with an estimated 725,000 deaths due to mosquito-borne disease annually. In the United States, 
the most prevalent mosquito-borne pathogen is West Nile virus (WNV), with over 43,000 human 
cases including over 1,800 deaths documented (CDC 2015) since the virus was introduced to the 
New York City metropolitan area in 1999 (Lanciotti et al. 1999) and subsequently expanded 
throughout the continental U.S. (Hayes and Gubler 2006). Because there are no human vaccines 
available for WNV and the majority of other mosquito-borne viruses, vector control is the most 
effective and, in many cases, only viable option for the prevention and management of these 
infectious illnesses. 
 Since the development of the insecticide dichlorodiphenyltrichloroethane (DDT) during  
82 
 
World War II, mosquito abatement strategies generally have relied upon application of synthetic 
organic insecticides. Most of the important vector mosquitoes in North America are container-
breeding species, including Culex pipiens (Diptera: Culicidae), Cx. tarsalis, and Cx. 
quinquefasciatus (WNV; Goddard et al. 2002, Turell et al. 2005), Culiseta melanura (eastern 
equine encephalitis; Scott et al. 1984), and Ochlerotatus triseriatus, Oc. japonicus, and Aedes 
albopictus (La Crosse encephalitis; Thompson and Beaty 1977, Sardelis et al. 2002), and Ae. 
aegypti (dengue fever; O’Meara et al. 1995). Due to the obligate confinement of mosquitoes to 
closed aquatic habitats during the early life cycle, abatement efforts are typically more successful 
when they target the larval stage. Roadside storm water catch basins provide widespread 
permanent and semi-permanent water sources that support production of Culex species 
mosquitoes in particular (e.g., Munstermann and Craig 1976, Geery and Holub 1989), and these 
habitats are common targets for abatement efforts in urban environments (e.g., Stockwell et al. 
2006, Anderson et al. 2011). 
The first generation of larvicides developed and widely used for storm water application 
after DDT was banned in the U.S. in 1972 was methoprene, a compound that mimics the action 
of insect growth regulating hormones (Hazelrigg et al. 1980). During the 1980s a second 
generation of larvicides, the microbial insecticide Bacillus thuringiensis var. israelensis (Bti) 
(Mulligan et al. 1980), was certified by the U.S. Environmental Protection Agency. There are 
currently 26 licensed granular and sustained-release briquette Bti formulations on the market for 
larval mosquito abatement. While these larvicides have been established as the “state of the art” 
in mosquito control for the past 30 years, rapid evolution of insecticide resistance in vector 
species (Goldman et al. 1986, Hemingway and Ranson 2000), effects on non-target organisms 
(Milam et al. 2000), and concerns regarding the environmental and public health safety of 
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insecticide application (Green et al. 1990, Paris et al. 2011) contribute to a growing need for 
sustainable alternatives to conventional pesticides for mosquito abatement. Furthermore, the 
abundance of mosquitoes in catch basins and the efficacy of larvicides are influenced by 
environmental variables, including rainfall, water chemistry, and vegetation structure (Rey et al. 
2006, Gardner et al. 2013, Harbison et al. 2015), suggesting that ecologically-based vector 
management strategies could complement insecticide use for mosquito abatement in storm water 
infrastructure. 
A more sustainable, ecological alternative to exclusive reliance upon insecticides that has 
gained traction in the management of agricultural and forest pests is the strategy of “attract-and-
kill.” This approach often uses insect attractants (e.g., pheromones) to lure target species to 
ingest toxins, thus eliminating the need for widespread and often non-specific insecticide 
application (de Groot and Nott 2001, Vargas et al. 2003). For example, a blend of the pheromone 
codlemone with permethrin has been used to control the codling moth Cydia pomonella 
(Charmillot et al. 2000). Attract-and-kill has been explored for control of adult mosquitoes using 
attractive toxic sugar baits, which lure sugar-feeding adults to consume boric acid, an oral 
insecticide (Müller et al. 2010). However, this approach has not been investigated for control of 
larval mosquitoes. An important first step in evaluating the potential for a novel attract-and-kill 
larval control approach is beginning to identify the naturally-occurring ecological drivers of two 
components of mosquito production: habitat quality and habitat attractiveness. 
Habitat quality for Culex spp. mosquitoes is driven largely by inputs of allochthonous 
plant-based detritus from the terrestrial environment, an important energy source for the aquatic 
larval stage. As leaves decay in the aquatic environment through leaching of soluble compounds 
into the water (Kuiters and Sarink 1986) and decomposition by detritivorous macroinvertebrates 
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(McArthur and Barnes 1988) and microorganisms (Fish and Carpenter 1982), developing 
mosquito larvae filter bacteria, fungi, and protozoa suspended in the water column and graze on 
leaf surfaces and the sides of artificial containers (Wallace and Merritt 1980, Merritt et al. 1992). 
Mosquito adult emergence rates are related to the quantity and age of leaf detritus, and large 
masses of green leaves support higher emergence compared to small masses and senescent 
leaves (Walker et al. 1997). Emergence rates also vary due to species of leaf detritus in the 
aquatic habitat (Yanoviak 1999, Kominoski et al. 2007), and multiple biological mechanisms 
could underlie this observation. Habitat quality may be altered by plant secondary compounds 
that leach into the aquatic environment during decomposition, including toxic phytochemicals 
that act directly on developing mosquitoes (Kuiters and Sarink 1986) and antimicrobials that 
reduce the food available to larvae (Rios et al. 1988). Alternatively, the importance of bacteria 
and fungi to the mosquito diet (Fish and Carpenter 1982) and the variability in the microbial 
communities that form on different leaf species (Findlay and Arsuffi 1989) are well-documented, 
and our recent work suggests that habitat quality in the aquatic environment may be related to 
composition of the bacterial flora associated with different leaves (see Chapter 2). 
 There also is some evidence that leaf detritus in the aquatic environment mediates choice 
of oviposition site in female container-breeding mosquitoes; however, the ecological pathways 
governing habitat selection are less well-established experimentally than the mechanisms 
underlying habitat quality. Again, plant secondary compounds released during leaf decay differ 
among leaf species (Horner et al. 1988, Cornelissen et al. 1999), and some of these volatiles 
(e.g., phenolics) may include attractants enabling mosquitoes to discover an oviposition site 
(Kramer and Mulla 1979, Bentley and Day 1988) as well as contact oviposition stimulants 
(Ponnusamy et al. 2008). Other studies of oviposition site selection have linked semiochemicals 
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produced by the bacterial flora as byproducts of metabolism to habitat selection by gravid female 
Aedes aegypti and Aedes albopictus (Ponnusamy et al. 2008, Ponnusamy et al. 2010). However, 
the characteristics of the microbial community that are key to mediating oviposition site 
selection in mosquitoes (e.g., bacterial and/or fungal abundance, alpha diversity, composition) 
remain underexplored. 
Optimal oviposition theory suggests that organisms should interpret environmental cues 
to choose the highest-quality habitat for the development of progeny (Gripenberg et al. 2010). 
However, our previous experiments testing the hypotheses that Cx. pipiens adult emergence and 
oviposition rates vary among aquatic environments containing different leaf detritus species 
revealed that this is not always the case (Gardner et al. 2015). Although we found that female 
mosquitoes recognized and preferentially laid eggs in some high-quality habitats, such as those 
containing leaves of invasive Amur honeysuckle (Lonicera maackii), we also identified a 
naturally-occurring ecological trap; Cx. pipiens were strongly attracted to oviposit in a poor-
quality habitat containing leaves of common blackberry (Rubus allegheniensis). Ecological traps 
occur due to a mismatch between the attractiveness of a habitat and its quality for reproduction, 
wherein organisms select for a low-quality habitat. The discovery of leaf species that mediate 
habitat attractiveness for this important enzootic vector for WNV in the northeastern and 
midwestern United States (Turell et al. 2001, Andreadis et al. 2001) suggests the potential for a 
novel attract-and-kill approach for mosquito control in closed aquatic environments including 
storm water catch basins. 
 In this study, we investigated the potential for exploitation of ecological traps for control 
of Cx. pipiens in storm water environments. First, we conducted a field trial to test the hypothesis 
that inputs of two ecological traps (i.e., attractive yet deleterious common blackberry leaves and 
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attractive Amur honeysuckle leaves combined with a Bti larvicidal briquette) in catch basins in a 
residential neighborhood increase mosquito oviposition rates and reduce adult emergence rates 
compared to a positive control (i.e., no alteration of the existing detritus in the catch basin). 
Second, we used field bioassays and “binary choice” cage bioassays to test the hypothesis that 
the attractiveness of these ecological traps to Cx. pipiens is related to the bacterial community 
associated with the leaf detritus species rather than plant secondary compounds leaching from 
the leaf detritus. Third, we used next-generation sequencing and multivariate community 
analysis approaches to test the hypothesis that abundance and composition of bacterial flora vary 
predictably among habitats containing different leaf detritus species and are predictive of 
mosquito oviposition rates. The results of this study provide experimental proof of concept for a 
cheap and effective integrated vector management tool with minimal non-target effects and 
reduced potential to select for insecticide resistance. Our findings may also yield insights into 
potential mechanisms by which ecological traps occur, with applications to conservation biology. 
 
Methods 
Oviposition and emergence in catch basins. Our field trial testing the efficacy of exploitation 
of ecological traps for control of Cx. pipiens was conducted over a two-year period in Paxton, 
Illinois (40°27’N, 88°05’W). Paxton has an area of 5.95 km2 and a human population of 4,345 as 
of 2014. The first human case of WNV in Ford County was detected in 2002 (CDC MMWR 
2002), and we selected the study area because no mosquito abatement efforts are in place in this 
city (e.g., adulticide spraying, larvicide application in catch basins) whereas other more 
populated cities in central Illinois (e.g., Champaign, Bloomington, Decatur) have established 
mosquito control programs. 
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 In 2013, four experimental treatments (described below; negative control, positive 
control, blackberry, and honeysuckle) were applied to 20 catch basins in Paxton (5 catch basins 
per treatment) from 16 August to 13 September. In 2014, the same four treatments plus two 
additional treatments (Bti and Bti+honeysuckle) were applied to 60 catch basins (10 catch basins 
per treatment) from 18 July to 15 August. All catch basins had open grates and were located on 
the edges of residential streets, and the mean depth from street surface to the bottom of the catch 
basin was 55 ± 20.38 cm. Treatments were spatially aggregated within the study area to prevent 
carryover effects of one treatment into adjacent connected catch basins (Figure 3.1). We used 
three measures to protect against the confounding of treatment effects by this non-random spatial 
distribution of treatments. First, during each year of the experiment we sampled larvae using 
methods described below prior to the allocation of treatments to establish that there was no 
spatial dependence associated with the baseline abundance of mosquitoes across treatment areas. 
Only catch basins where a minimum of 15 larvae were found in this initial sampling were 
included in the study. Second, areas of the city that received each treatment were selected 
randomly in 2013, and re-randomized in 2014. Third, during the second year of the experiment, 
the negative control catch basins were redistributed throughout the study area. 
 The six experimental treatments are summarized as follows: 1) Negative control: all 
organic detritus dredged from the catch basins on a weekly basis throughout the duration of the 
study using a 20.3 X 20.3 cm aquarium net attached to the end of PVC pipe 3 m in length; 2) 
Positive control: no modification of debris in catch basins; 3) Blackberry (naturally-occurring 
ecological trap): all organic detritus dredged from the catch basins during the first week of the 
experiment and 100 g fresh blackberry leaves added, submerged underwater in Woolite© mesh 
delicates bags which were tied to the grates using bailing twine to prevent the leaf bags from 
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being flushed out of the catch basins; 4) Honeysuckle (attractant only): same as blackberry 
treatment, except with the addition of 100 g fresh honeysuckle leaves instead of blackberry 
leaves; 5) Bti (toxin only): FourStar® 45-day sustained release Bti briquettes (Central Life 
Sciences, Phoenix AZ) were added to catch basins, with no additional modification of debris in 
catch basins; 6) Bti+honeysuckle (artificial ecological trap): same as honeysuckle treatment, with 
the addition of a FourStar® Bti briquette as described for the Bti treatment. For the treatments 
containing leaf detritus, green leaves were collected in the research woods at the University of 
Illinois Pollinatarium in Urbana, Illinois, and weighed and bagged 24 hours prior to their 
allocation to catch basins. We used fresh leaves rather than senescent leaves because while there 
is no interaction in response between the effect of leaf age and the effect of leaf species on 
mosquito emergence rates, the magnitude of the main effect of leaf species is larger for green 
leaves compared to senescent leaves (Walker et al. 1997). 
To estimate relative adult mosquito emergence rates from the catch basins and prevent 
mosquitoes from escaping into the surrounding environment, floating emergence traps modeled 
after those described in Hamer et al. (2011) were established in the catch basins after allocation 
of experimental treatments. These traps float on the surface of the water, covering approximately 
two-thirds of the water surface, and capture adult mosquitoes as they fly upward out of the catch 
basins. Adults were collected once per week for four weeks, frozen, and identified to species 
using taxonomic keys in Andreadis et al. (2005). Due to the timing of the experiment, the only 
species observed was Cx. pipiens. 
 Abundance of larvae was used as a proxy for an estimate of relative mosquito oviposition 
rates due to the logistical difficulties of collecting egg rafts inside deep catch basins and the 
effect that removal and handling of egg rafts would have on the abundance of adult mosquitoes 
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emerging from these habitats. Larvae were collected using a 12.7 X 12.7 cm aquarium net 
attached to the end of PVC pipe 3 m in length. The pole was passed over the water surface in two 
figure eights and the net was then inverted into a container and flushed with water, and larvae 
were stored on ice for further processing. Larvae of all instars were counted in aggregate and 
identified to species using taxonomic keys. Larvae were collected once per week for five weeks, 
once prior to allocation of experimental treatments and four times after the treatments were 
applied. Again, the only species observed was Cx. pipiens. 
 All data analyses were conducted in SAS 9.3 (SAS Institute Inc., Cary NC) using PROC 
MIXED. To confirm that there were no significant differences in abundance of larvae across 
catch basin treatment areas prior to the allocation of experimental treatments, a general linear 
mixed model (GLMM) was fit to the number of larvae per catch basin during the baseline week 
given by 
𝑌𝑖𝑗𝑘 = 𝜇 + 𝑌𝑖 + 𝑇(𝑖)𝑗 + 𝜀𝑖𝑗𝑘    (Eqn. 3.1) 
where 𝑌𝑖 represents the random main effect of year and 𝑇(𝑖)𝑗 represents the fixed main effect of 
treatment nested within year. 
To test the hypothesis that inputs of attractive leaf detritus species in catch basins 
increase mosquito oviposition rates, a GLMM with repeated measures was fit to the number of 
larvae per catch basin given by 
𝑌𝑖𝑗𝑘 = 𝜇 + 𝑌𝑖 + 𝑇(𝑖)𝑗 + 𝜀1(𝑖𝑗𝑘) +𝑊𝑙 + 𝑇𝑊(𝑖)𝑗𝑙 + 𝜀2(𝑖𝑗𝑘𝑙)  (Eqn. 3.2) 
where 𝑌𝑖 represents the random main effect of year, 𝑇(𝑖)𝑗 represents the fixed main effect of 
treatment nested within year, 𝑊𝑙 represents the fixed main effect of week, and 𝑇𝑊(𝑖)𝑗𝑙 represents 
the interaction between the main effects of week and treatment. Catch basin ID was the subject, 
week was the repeated variable, and an AR(1) covariance structure with restricted maximum 
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likelihood (REML) was used for estimation of covariance parameters. Linear contrasts using the 
ESTIMATE statement in PROC MIXED were used to compare each of the three attractive 
treatments (blackberry, honeysuckle, and Bti+honeysuckle) to the positive control, the 
Bti+honeysuckle treatment to the Bti-only treatment, and the negative control to the positive 
control. A Bonferroni correction was applied to adjust for multiple comparisons. Significant 
interactions were interpreted using SLICE statements. 
 To test the hypothesis that inputs deleterious leaf detritus species or Bti larvicide) in catch 
basins decrease adult mosquito emergence rates and high-quality leaf detritus species increase 
adult emergence rates, the same linear model was fit to the number of adults per catch basin 
(Eqn. 3.2). Here, linear functions were used to compare each of the three deleterious treatments 
(blackberry, Bti+honeysuckle, and Bti) to the positive and negative controls, the high-quality leaf 
detritus treatment (honeysuckle) to the positive control, and the negative control to the positive 
control. Again, a Bonferroni correction was used to adjust for multiple comparisons and 
significant interactions were interpreted using SLICE statements. 
 
Oviposition field bioassay. To test whether Cx. pipiens oviposition rates respond similarly to 
the treatments compared to abundance of larvae, a separate oviposition field assay was 
conducted using artificial containers in which direct measurement of mosquito oviposition (i.e., 
egg raft counts) was more tractable. In 2015, six oviposition traps (Reiter 1986) were placed 1 m 
apart from each other in partial shade at five locations within a 2 km radius in residential Urbana, 
Illinois. The 30 oviposition traps were monitored for egg rafts weekly and the number of egg 
rafts collected in each treatment was recorded over four weeks from 24 July to 21 August. 
During the first week of the study period, a subset of the egg rafts collected at each location were 
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hatched in petri dishes and identified as Cx. pipiens or Culex restuans based on the presence or 
absence of a clear area anterior to the sclerotized egg-breaker that is present in Cx. restuans and 
absent in Cx. pipiens. The only species observed was Cx. pipiens. 
Each oviposition trap contained 7 L of tap water and one of six treatments designed to 
imitate the treatments applied to catch basins in Paxton: 1) Negative control: tap water only; 2) 
Positive control: mixture of 80 g senescent leaves from native trees (described below); 3) 
Blackberry (naturally-occurring ecological trap): 80 g fresh blackberry leaves; 4) Honeysuckle 
(attractant only): 80 g fresh honeysuckle leaves; 5) Bti (toxin only): same as positive control, 
with the addition of a FourStar® 45-day sustained release Bti briquette; 6) Bti+honeysuckle 
(artificial ecological trap): same as honeysuckle treatment, with the addition of a FourStar® Bti 
briquette as described for the Bti treatment. All leaves were collected from the same sources as 
for the catch basin experiment. For the positive control and the Bti treatment, the leaf species 
were a mixture of sugar maple (Acer saccharum) and red oak (Quercus rubra), which were the 
two most common species identified in a survey of catch basins conducted in Decatur, Illinois in 
2013 (personal observation). 
To test the hypothesis that inputs of attractive leaf detritus species increase mosquito 
oviposition rates, a GLMM with repeated measures was fit to the number of egg rafts per week 
per oviposition trap given by 
𝑦𝑖𝑗𝑘 = 𝜇 + 𝐿𝑖 + 𝑇𝑗 + 𝜀1(𝑖𝑗) +𝑊𝑘 + 𝑇𝑊𝑗𝑘 + 𝜀2(𝑖𝑗𝑘)    (Eqn. 3.3) 
where 𝐿𝑖 represents the random block effect of location, 𝑇𝑗 represents the fixed main effect of 
treatment, 𝑊𝑘 represents the fixed main effect of week, and 𝑇𝑊𝑗𝑘 represents the interaction 
between the main effects of week and treatment. Oviposition trap ID was the subject, week was 
the repeated variable, and an AR(1) covariance structure with restricted maximum likelihood 
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(REML) was used for estimation of covariance parameters. As in the catch basin experiment, 
linear contrasts were used to compare each of the three attractive treatments (blackberry, 
honeysuckle, and Bti+honeysuckle) to the positive control, the Bti+honeysuckle treatment to the 
Bti-only treatment, and the negative control to the positive control. A Bonferroni correction was 
applied to adjust for multiple comparisons. Significant interactions were interpreted using SLICE 
statements. 
 
Microbial communities and oviposition. On the same days as egg raft counts in the oviposition 
field bioassay, 15 mL aliquots of infusion were taken from each oviposition trap (for a total of 30 
samples per week and 120 samples total) and stored at -80°C until further processing. Genomic 
DNA was extracted from the samples using the UltraClean® Soil DNA Isolation Kit (Mo Bio 
Laboratories Inc., Carlsbad CA, Cat. No. 12800-50) according to the manufacturer’s instructions 
with the following modifications. Prior to the first step of the protocol, 15 mL water samples 
were concentrated by centrifugation at 5000 rpm for 20 minutes. Next, 14.5 mL supernatant were 
removed and the pellet was re-suspended in the remaining supernatant by vortex; these 500 μL 
aliquots of the sample were added to the bead solution tubes in the first step of the extraction 
protocol. The fifteenth step of the protocol (i.e., addition of Solution S4 and centrifugation) was 
repeated three times to maximize purity of the samples. 
 The 120 DNA extracts were sequenced using Illumina MiSeq Bulk v3 analysis at the W. 
M. Keck Center for Comparative and Functional Genomics at the University of Illinois at 
Urbana-Champaign. Seventeen samples failed to amplify and were excluded from further 
consideration. Initially, we targeted three hypervariable regions of the 16S rRNA gene for 
bacteria and the ITS1-ITS4 interspacer regions for fungi using the following primer sets: V1-V3 
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forward 5’–GAGTTTGATCNTGGCTCAG–3’, reverse 5’–GTNTTACNGCGGCKGCTG–3’; 
V3-V5 forward 5’–CCTACGGGAGGCAGCAG–3’, reverse 5’–CCGTCAATTCMTTTRAGT–
3’; V4 forward 5’–GTGYCAGCMGCCGCGGTAA–3’, reverse 5’–
GGACTACNVGGGTWTCTAAT–3’; ITS1 5’–TCCGTAGGTGAACCTGCGG–3’; and ITS4 
5’–TCCTCCGCTTATTGATATGC–3’. For Illumina library preparation by Fluidigm protocols, 
DNA from each water sample was amplified using the four primer sets added with Fluidigm 
Illumina linkers and unique barcodes. The final Fluidigm libraries were pooled for sequencing at 
the Keck Center’s DNA Services laboratory. The V4 region yielded 6.1 million reads, more than 
two times the number of reads for the V3-V5 region (2.2 million reads) and more than four times 
the number of reads for the V1-V3 region (1.5 million reads), and therefore the V4 region was 
used for subsequent analyses. The ITS region yielded 846,000 reads and was excluded from 
subsequent analyses, which focused on bacteria rather than fungi. 
 As read1 and read2 overlap for the V4 region, read1 and read2 data were merged for each 
sample using PEAR with default parameters. The IM-TORNADO v2.0.3.2 pipeline (Jeraldo et 
al. 2014) was used on the University of Illinois Biocluster to demultiplex and quality filter 
bacterial reads. IM-TORNADO requires both read1 and read2 data as input. Data merged by 
PEAR were used as read1 data, and read1 data for all samples were reverse complemented using 
Perl and input as read2 data. IM-TORNADO trims low quality bases using Trimmomatic (Bolger 
et al. 2014) before running de novo operational taxonomic unit (OTU) picking. For this analysis, 
a minimum length of 150 (MINLEN:150) was required for a read. The RDP10 database was 
used for the bacterial taxonomy assignment (latest version accessed and downloaded in January, 
2016) (Cole 2009). Sampling effort was standardized per sample using rarefaction to normalize 
read depth to 6,229 reads per sample. In addition, reads were filtered using the criterion that 
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0.001 (i.e., 0.1 percent) is the minimum total observation count of an OTU for retention. The 
reason we used a conservative filtering criterion rather than, for example, requiring a minimum 
of 10 reads for retention, was that our study questions were concerned with OTUs present in 
sufficient abundance to have a role in mediating mosquito oviposition site selection. However, 
we conducted the same set of analyses described below using a less stringent filtering criterion 
(i.e., a minimum of 10 reads is required for retention of an OTU) for comparison and arrived at 
the same qualitative conclusions. 
 To test the hypothesis that abundance and composition of bacterial OTUs vary 
predictably among aquatic habitats containing different treatments and over time, multi-response 
permutation procedure (MRPP) tests were used to test for differences among groups established 
a priori based on treatments and time points (Miekle 1976). MRPP is a non-parametric 
permutation test, in which the average within-group distance in multidimensional space is 
calculated for the specified groups, then all experimental replicates are randomly assigned to new 
groups and the average within-group distances calculated again over a series of iterations. The 
statistical significance of the observed average within-group distances is determined by 
comparing the observed test statistic to the distribution of within-group distances generated by 
the randomization test. A disadvantage of MRPP is that it cannot accommodate factorial designs 
and the permutation test cannot model autocorrelated error structures, and therefore complex 
experimental designs must be sliced to answer different research questions (McCune et al. 2002). 
Therefore, separate tests with 1000 iterations were conducted comparing bacterial flora among 
treatments within a given week and among weeks within a given treatment, with Bonferroni 
adjustments applied for multiple comparisons. 
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To test the hypothesis that abundance and composition of bacterial OTUs are predictive 
of Cx. pipiens oviposition rates, non-metric multidimensional scaling (NMDS) first was 
conducted with abundances of unique bacterial OTUs as the raw explanatory variables (Kruskal 
1964) and a Bray-Curtis dissimilarity index, which takes into account both the presence/absence 
and the relative abundance of species. The number of NMDS axes was selected based on a stress 
test, using the criterion that the addition of an axis must reduce stress by at least five. Next, a 
distance-based regression model was fit with the number of egg rafts laid per week as the 
response, predictors expressed as the NMDS distance matrix, and a block effect of location, 
using the R package ecodist v1.2.9 (Goslee and Urban 2007). This non-parametric approach 
provides permutational tests of significance for regression coefficients (Legendre et al. 1994, 
Lichstein 2007), and the test was conducted with 1000 iterations. 
   
Oviposition cage bioassay. To further assess whether the attractiveness of blackberry and 
honeysuckle leaves to Cx. pipiens is related to the microbial community associated with the leaf 
species versus plant secondary compounds leaching from the leaf detritus, a series of “binary 
choice” cage behavioral bioassays was conducted. Infusions of blackberry and honeysuckle 
leaves were prepared by fermenting 15 g fresh leaves collected from the same sources as for the 
previous experiments in closed plastic 2 L buckets filled to the brim with tap water for 7 days, a 
standard infusion age used in comparable studies (e.g., Gardner et al. 2015, see Chapter 2). 
These “whole” infusions were used to prepare three treatments used for subsequent bioassays: 1) 
whole infusion; 2) leachate-only; and 3) microbes-only. The leachate-only treatment was 
prepared by passing 100 mL whole infusion through 0.22 μm pore Stericup filters (Fisher 
Scientific, Hampton NH) powered by a vacuum pump (Precision Scientific Instruments, Buffalo 
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NY) to remove microorganisms while retaining the plant secondary components associated with 
the different leaf detritus mixtures. The microbes-only treatment was prepared by centrifuging 
100 mL whole infusion in 25 mL aliquots at 5000 rpm for 15 minutes, removing the supernatant, 
and re-suspending the pellet containing the microbes in 200 mL deionized water. 
 Gravid female Cx. pipiens were collected at two residences in Urbana, Illinois, using 
grass infusion-baited gravid traps set for a 16-hour period (1600h to 0800h). The mosquitoes 
were knocked down in a -20°C freezer for two minutes, then sorted by sex and identified to 
species. Female Cx. pipiens were placed in one of ten 1 ft3 cages (24.88 ± 2.36 mosquitoes per 
cage). Two 125 mL polypropylene cups each containing 100 mL of test and control treatments 
were placed in diagonal corners of each cage. The five treatment pairs repeated for both 
honeysuckle and blackberry leaf infusion were: 1) whole infusion versus deionized water; 2) 
microbes-only versus deionized water; 3) leachate-only versus deionized water; 4) microbes-only 
versus whole infusion; and 5) leachate-only versus whole infusion. Treatment cups were fitted 
with black construction paper sleeves to mask the visual cues associated with dark-colored 
treatments (Bentley and Day 1988). Mosquitoes were provided a vial of honey water with cotton 
wicking for sugar feeding and deionized water with cotton wicking for hydration throughout the 
duration of the experiment. The cages were stored in a dark room for a minimum of three days, 
and egg rafts were counted in each cup every 12 hours. 
 To compare mosquito oviposition rates within each pair of treatments, separate chi-
square tests of goodness of fit were conducted for each treatment pair. The expected values for 
each treatment within a pair were the total number of egg rafts laid in the cage divided by two. A  
Bonferroni correction was applied to adjust for multiple comparisons. 
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 To verify that the filtering for the leachate-only treatment successfully removed microbes 
and that the centrifugation for the microbes-only treatment successfully retained microbes, four 
15 mL aliquots of sample were taken from each treatment (i.e., whole infusion, microbes-only, 
and leachate-only for blackberry and honeysuckle infusions, for a total of 24 samples) over the 
duration of the cage bioassay. Genomic DNA extraction and sequencing were carried out for 
these samples as described above, and again 16S V4 reads were filtered using the criterion that 
0.001 (i.e., 0.1 percent) is the minimum total observation count of an OTU for retention. Because 
the goal of this sequencing effort was to validate our experimental protocol, rarefaction was not 
conducted for these samples. 
 
Results 
Oviposition and emergence in catch basins. Abundance of Cx. pipiens larvae in catch basins 
did not vary among treatment areas prior to allocation of experimental treatments in either 2013 
or 2014 (F = 0.60; df = 9, 70; P = 0.21). After treatments were applied, we found significant 
main effects of treatment (F = 9.78; df = 9, 60; P < 0.01) but not week (F = 1.31; df = 3, 188; P = 
0.27) and a significant treatment by week interaction effect (F = 2.64; df = 27, 188; P < 0.01) on 
abundance of larvae. The significant interaction reflected differences in the magnitude but not 
the direction of main effects over time, with the largest effects of treatment observed during the 
second and third weeks of the study period (Figure 3.2). Linear contrasts showed that abundance 
of larvae was greater than the positive control for the blackberry treatment, lower for the 
honeysuckle+Bti treatment, and not significantly different for the honeysuckle treatment. We 
found no significant difference in abundance of larvae for the honeysuckle+Bti treatment 
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compared to the Bti-only treatment. The positive control had a significantly greater abundance of 
larvae than the negative control (Table 3.1). 
 We also found significant main effects of treatment (F = 24.92; df = 9, 70; P < 0.01) and 
week (F = 10.32; df = 3, 204; P < 0.01), and a significant treatment by week interaction effect (F 
= 4.16; df = 27, 204; P < 0.01), on abundance of adult mosquitoes emerging from catch basins. 
Again, the significant interaction reflected differences in magnitude rather than direction of 
effects, and treatment effects were largest during the second and third weeks of the study period 
(Figure 3.2). Linear contrasts showed that abundance of adults were lower than the positive 
control and not significantly different from the negative control for the blackberry, 
honeysuckle+Bti, and Bti-only treatments. Furthermore, the abundance of adults was higher for 
the honeysuckle treatment compared to the positive control. Again, the positive control had a 
significantly greater abundance of adults than the negative control (Table 3.2). 
 
Oviposition field bioassay. We found significant main effects of treatment (F = 5.37; df = 5, 20; 
P < 0.01) and week (F = 4.99; df = 3, 72; P < 0.01) but not their interaction (F = 1.08; df = 15, 
72; P = 0.39) on the number of Cx. pipiens egg rafts laid in oviposition traps (Figure 3.3). Linear 
contrasts showed that the number of egg rafts was greater than the positive control for the 
blackberry, honeysuckle, and honeysuckle+Bti treatments. The number of egg rafts also was 
greater for the honeysuckle+Bti treatment compared to the Bti-only treatment. We found no 
significant difference between the number of egg rafts collected in the positive control versus the 
negative control (Table 3.3). In general, the largest numbers of egg rafts were collected during 
the second and third weeks of the study period. 
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Bacterial communities and oviposition. Bacterial OTUs were profiled across six treatments at 
four time points. After rarefaction, quality filtering, and criteria filtering of raw reads, 169 OTUs 
were retained for the 16S V4 amplicon. Ordination using NMDS reduced these taxa to three 
axes. NMDS axis 1 explained 31 percent of variation in the distance matrix, axis 2 explained 25 
percent, and axis 3 explained 12 percent. Bacterial flora varied predictably among treatments (T 
= -20.20; P < 0.01) and over time (T = -3.38; P = 0.02). At each time point, we found significant 
pairwise differences in the distances between the negative control and all other treatments and 
blackberry leaves compared to all other treatments except the positive control (Table 3.4). We 
found no significant pairwise differences in the distances among the honeysuckle, Bti-only, 
honeysuckle+Bti, and positive control treatments. In the blackberry, honeysuckle, honeysuckle+ 
Bti, and positive control treatments, we found significant pairwise differences in the distances 
between week 1, weeks 2 and 3, and week 4, with fewer apparent changes in bacterial flora over 
time observed in the Bti and negative control treatments (Table 3.5). These pairwise differences 
did not reflect the observed differences in oviposition rates. Further, permutational distance-
based regression showed the bacterial distance matrix was not predictive of oviposition rates (F = 
7.36; P = 0.41). 
 
Oviposition cage bioassay. For the blackberry leaf infusion treatments, we found that a larger 
proportion of egg rafts were laid in the whole infusion and leachate-only treatments compared to 
the deionized water treatment, but there was no significant difference between the microbes-only 
treatment and the deionized water treatment (Figure 3.4). We found no significant difference in 
the number of egg rafts laid in the whole infusion versus the leachate, but a significantly greater 
number of egg rafts were laid in the whole infusion compared to the microbes-only (Table 3.6). 
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Similarly, for the honeysuckle leaf infusion treatments, we found that a larger proportion 
of egg rafts were laid in the whole infusion and leachate-only treatments compared to the 
deionized water treatment, but there was no significant difference between the microbes-only 
treatment and the deionized water treatment. We found no significant difference in the number of 
egg rafts laid in the whole infusion versus the leachate-only, but again a significantly greater 
number of egg rafts were laid in the whole infusion versus the microbes-only treatment. 
We compared the abundance of reads for the 16S V4 amplicon across treatments to verify 
that the filtering for the leachate-only treatment successfully removed microbes and that the 
centrifugation for the microbes-only treatment successfully retained microbes. After quality 
filtering and criteria filtering of raw reads, 116 OTUs were retained: 47,651 ± 551 reads for the 
blackberry whole infusion treatment; 43,372 ± 1,395 for the blackberry microbes-only treatment 
(91% of whole infusion reads); 5,192 ± 1,731 for the blackberry leachate-only treatment (11% of 
whole infusion reads); 40,691 ± 876 for the honeysuckle whole infusion treatment; 39,924 ± 960 
for the honeysuckle microbes-only treatment (98% of whole infusion reads); and 12,218 ± 2,493 
for the honeysuckle leachate-only treatment (30% of whole infusion reads). 
 
Discussion 
 Due to the rapid evolution of insecticide resistance in mosquitoes, effects on non-target 
organisms, and concerns regarding the environmental and public health safety of insecticide 
application, there is a growing need for sustainable alternatives to conventional pesticide use for 
mosquito abatement. The approach of attract-and-kill, which has been used successfully for the 
control of agricultural and forest pests but remains underexplored for arthropod vector species, 
has the potential to yield an integrated vector management tool that may reduce the need for 
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insecticide use and enhance the efficacy of existing mosquito control strategies. In this study, we 
investigated the potential for exploitation of ecological traps for the larval-stage control of an 
important vector for West Nile virus in roadside storm water catch basins, longstanding targets 
for mosquito abatement efforts in urban environments. We used inputs of leaf detritus species 
that are known attractants for oviposition in Cx. pipiens combined with conventional insecticides 
and leaf species that are deleterious to developing larvae to lure gravid females to poor quality 
habitats. We then conducted field and laboratory bioassays to examine the poorly-understood 
ecological mechanisms underlying variation in the attractiveness of leaf detritus species. This is 
an area in critical need of further research to realize the potential of attract-and-kill as a cheap 
and effective supplement or alternative to conventional mosquito control approaches. 
We found support for the hypothesis that inputs of a natural and an artificial ecological 
trap (i.e., blackberry leaves and Amur honeysuckle leaves combined with a Bti larvicidal 
briquette, respectively) in catch basins in a residential neighborhood reduce adult emergence 
rates compared to a positive control, with emergence rates on par with a negative control and the 
current “state of the art” insecticide. The variability in quality of leaf detritus species as food 
resources for developing mosquito larvae is well-established by laboratory experiments 
(Reiskind et al. 2009, Muturi et al. 2012) and studies of treehole systems (Yanoviak 1999, David 
et al. 2000) across multiple mosquito species. Underlying mechanisms are thought to include 
variation in the abundance and composition of bacterial flora that form on different leaf species 
as they decay (see Chapter 2) as well as phytochemicals that leach into the aquatic environment 
during leaf decomposition. These phytochemicals may include compounds that serve as 
defensive mechanisms against herbivores and may alter nervous system function in developing 
mosquitoes, and antimicrobials that reduce the abundance of bacteria and fungi available to 
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developing larvae as food resources. Previous research also has demonstrated correlations 
between the abundance of Cx. pipiens and Cx. restuans larvae in catch basins and the species and 
structure of vegetation in the surrounding environment (Gardner et al. 2013). However, our 
current study is the first to experimentally demonstrate that inputs of leaf detritus influence adult 
mosquito emergence rates even in the dynamic aquatic mesocosms of storm water systems, 
where mosquito production may be altered by a variety of physical and biological factors such as 
sunlight exposure, water chemistry, inputs of fertilizers via runoff from lawns, rainfall, ambient 
temperature, and predation by other aquatic macroinvertebrates (Rey et al. 2006, Gardner et al. 
2012). This result indicates that naturally-occurring botanicals may provide viable alternatives or 
supplements to conventional insecticides for mosquito control in the storm water environment. 
 Using abundance of Cx. pipiens larvae as a proxy for oviposition rates, we further found 
support for the hypothesis that inputs of blackberry leaves increase the attractiveness of catch 
basins, while inputs of honeysuckle leaves mixed with Bti resulted in a significant decrease in 
the abundance of larvae collected compared to a positive control. However, our complementary 
assay conducted using oviposition traps in residential neighborhoods suggested that abundance 
of larvae is not always a good measure of oviposition rates, most likely because exposure to Bti 
causes larvae to die in the first instar whereas the deleterious effects of blackberry leaves are 
slower-acting. In this secondary experiment in which we counted egg rafts directly, we found 
that like the blackberry treatment, the honeysuckle+Bti treatment yielded a significant increase in 
oviposition rates compared to the positive control and the Bti-only treatment. While previous 
research has demonstrated a role of leaf detritus from terrestrial plants in mediating mosquito 
oviposition site selection (Rajkumar and Jebanesan 2005, Reiskind et al. 2009, Gardner et al. 
2015), this is the first study to experimentally demonstrate that this observation holds even in 
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highly dynamic storm water environments, which provide a diversity of visual and chemical cues 
that are atypical of more controlled laboratory conditions, such as water color, pollutants, and 
presence of conspecifics (Mokany and Shine 2003, Beehler et al. 1993). Thus, our results suggest 
that larval Cx. pipiens control efforts may be enhanced by use of oviposition attractants to lure 
gravid females to lay eggs in deleterious habitats. 
 Our oviposition trap bioassay also began to explore potential mechanisms for variation in 
the Cx. pipiens oviposition response to different leaf detritus species, in particular characteristics 
of the bacterial communities associated with different treatments that may be predictive of 
female mosquito oviposition rates. Using multivariate community metrics, we found support for 
the hypothesis that abundance and composition of bacterial flora varies among treatments, a 
result consistent with our previous work (see Chapter 2), and additionally found support for the 
hypothesis that bacterial communities vary over time within treatment as the leaves decompose. 
However, pairwise differences among bacteria associated with different treatments did not reflect 
differences in oviposition rates observed in the oviposition trap assay; distance-based regression 
analysis also failed to find support for the hypothesis that abundance and composition of bacteria 
are predictive of oviposition rates. Our prior research revealed that mosquito emergence rates can 
be predicted by bacterial composition via the same regression approaches (see Chapter 2), 
suggesting that different factors govern emergence and oviposition rates in Cx. pipiens. 
Binary choice oviposition cage bioassays conducted in the laboratory provided further 
support against the hypothesis that the attractiveness of blackberry and honeysuckle leaves is due 
primarily to the bacterial communities associated with these leaf detritus species. Even after we 
controlled for the effect of infusion color by masking visual cues, mosquitoes laid eggs in equal 
proportions in containers of whole infusion versus the leachate-only treatment for both 
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blackberry and honeysuckle leaves, whereas whole infusions consistently were selected over the 
microbes-only treatments and in fact the microbes-only treatments were not selected over the 
deionized water negative control. Collectively, these experiments suggest that it is not strictly the 
microbial community that determines oviposition site selection by Cx. pipiens, but another 
component of the leaf infusion (e.g., plant secondary compounds that leach into the water during 
leaf decomposition). These results contrast with the findings of Ponnusamy et al., who 
demonstrated using similar binary choice laboratory experiments that bamboo and white oak leaf 
infusions collect large numbers of Ae. aegypti eggs due to bacteria-associated carboxylic acids 
and methyl esters that stimulate oviposition (Ponnusamy et al. 2008), and showed that the 
composition of bacterial flora in aquatic habitats mediates production of oviposition-stimulating 
kairomones (Ponnusamy et al. 2010). However, other studies of Anopheles stephensi and An. 
subpictus oviposition ecology have demonstrated that plant secondary compounds obtained from 
leaf tissue using acetone, ethyl acetate, and methanol extraction alter oviposition site selection, 
indicating that leaf material itself as well as microbial flora can provide the source of chemicals 
that drive choice of oviposition habitat (Rajkumar and Jebanesan 2005, Rajkumar and Jebanesan 
2009, Elango et al. 2009). 
 Although our experiments provide multiple lines of support for a role of leachate from 
blackberry and honeysuckle leaves in altering Cx. pipiens oviposition habitat choice, we wish to 
note some limitations of the technical and statistical approaches in our studies of bacterial flora 
and oviposition that may be relevant to the interpretation of our results. First and foremost, all of 
our analyses were conducted at the bacterial community level, using multivariate community 
analysis techniques (i.e., NMDS and MRPP) to test for among-treatment differences in bacterial 
composition and distance-based regression to test average distances between containers as a 
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predictor of oviposition rates. In general, community-level analysis is the approach most 
commonly used with Illumina metagenomic data because it minimizes the influence of the biases 
in this sequencing technique (Gomez-Alvarez et al. 2009, Aird et al. 2011, Steven et al. 2012, 
Degnan and Ochman 2012), and we chose to use Illumina sequencing over other methods to 
capture low abundance and unculturable bacteria. However, use of this correlational approach 
does not allow for experimental tests of the contribution of individual bacterial taxa to mediating 
oviposition site selection across a range of bacterial abundance in a way that has been achieved 
using culture-dependent methods (Ponnusamy et al. 2010). Second, although the centrifugation 
method used to prepare the microbes-only treatment in the oviposition cage bioassays appeared 
to retain bacteria, the filtering method used to prepare the leachate-only treatment was less 
effective at removing bacteria and may have removed plant compounds larger than the filter pore 
size as well. We chose to use the filtering method rather than autoclaving or heat shock to 
minimize the effect on the composition of volatiles contained in the infusion, but the technique 
was imperfect and the inadvertent retention of certain bacterial flora may have contributed to the 
attractiveness of the leachate-only treatment in the cage bioassay. 
 Although it may remain unclear whether oviposition attractants are produced as 
byproducts of microbial metabolism or leach directly from the leaves, it is evident that there is a 
chemical basis to oviposition site selection in Cx. pipiens (Leal et al. 2008) that requires further 
study to realize potential applications of ecological traps for control of container-breeding 
mosquito disease vectors. A question that is not assessed within the scope of our current 
experimental design is whether the increased oviposition rate in blackberry and honeysuckle leaf 
infusions is due mainly to oviposition attractants that enable discovery of the aquatic habitat or 
contact oviposition stimulants that induce egg-laying behavior. This distinction is important 
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because attractants may be more valuable than oviposition stimulants for an attract-and-kill 
mosquito control approach because mosquitoes typically do not visit many potential oviposition 
habitats prior to selecting a site (Bentley and Day 1989). Future studies could use sticky-screen 
cage bioassays with the same paired treatments and compare these results to our existing data to 
assess whether the blackberry and honeysuckle leaf infusions contain oviposition attractants 
(Isoe et al. 1995). Moreover, there is a need to identify compounds that are attractive to Cx. 
pipiens to apply the attract-and-kill concept to vector control. A variety of phenolic compounds 
are abundant in blackberry (Wang and Lin 2000) and honeysuckle leaves (Cipollini et al. 2008) 
and have been shown attractive to mosquitoes in systems with different mosquito species and 
leaf species (Beehler et al. 1994, Du and Millar 1999). 
 In summary, our current study provided experimental proof of concept for a novel, cheap, 
and effective integrated vector management tool for mosquito control in storm water habitats. 
Due to a widespread lack of vaccines, vector control is the most effective and often the only 
viable option for the prevention or management of mosquito-borne viruses, and attract-and-kill 
mosquito control has the potential to improve upon existing proven strategies in several areas. 
First, while the deleterious effect of blackberry leaves likely is subject to the same evolutionary 
pressures in Cx. pipiens as Bti and other insecticides, we believe there is less potential for 
selection for resistance to the attractiveness of blackberry and honeysuckle leaves given that the 
components of infusions of these leaves (i.e., bacterial flora, plant compounds, and volatiles) are 
ubiquitous in the environment without the presence of toxins. Second, there is experimental 
evidence to suggest larvicidal botanicals are less likely to have effects on non-target organisms 
compared to conventional insecticides (Sivagnaname and Kalyanasundaram 2004, Shaalan et al. 
2005), and thus use of blackberry leaves may provide a more sustainable management solution 
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for Cx. pipiens in storm water environments. Our findings also yield insights into why ecological 
traps occur. Studies of ecological traps are limited because such traps are difficult to identify, 
and particularly to distinguish from “sinks” in which a low-quality habitat is avoided. In the 
current study and our previous research (Gardner et al. 2015, see Chapter 2), we have 
documented the existence of an ecological trap for Cx. pipiens. We have provided experimental 
evidence that the combination of the bacterial communities that form as blackberry leaves decay 
and the leaching of secondary plant components during the microbial decomposition process 
work in tandem to create habitat that is attractive to adult female mosquitoes for oviposition yet 
deleterious to developing larvae. 
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Figures and Tables 
 
 
 
Figure 3.1. Maps of catch basin treatments in Paxton, Illinois, in 2013 (left) and 2014 (right). 
The treatments included a positive control, a negative control, Bti larvicidal briquettes (toxin 
only), honeysuckle leaves (attractants only), and blackberry leaves and honeysuckle leaves 
mixed with Bti (natural and artificial ecological traps, respectively). 
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Figure 3.2. Mean (± SE) number of Culex pipiens larvae (a proxy for oviposition rates; left), and 
adults (right) collected across treatments in catch basins in Paxton, Illinois over four-week study 
periods. The six treatments included a positive control, a negative control, Bti larvicidal 
briquettes (toxin only), honeysuckle leaves (attractants only), and blackberry leaves and 
honeysuckle leaves combined with Bti (ecological traps). Five replicates per treatment were 
measured in 2013 (top) and ten replicates per treatment were measured in 2014 (bottom). 
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Figure 3.3. Mean (± SE) number of Culex pipiens egg rafts collected across treatments from 
oviposition traps in Urbana, Illinois, over a four-week study period. The six treatments included 
a positive control, a negative control, Bti larvicidal briquettes (toxin only), honeysuckle leaves 
(attractants only), and blackberry leaves and honeysuckle leaves combined with Bti (ecological 
traps). 
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Figure 3.4. Proportion of Culex pipiens egg rafts laid in binary choice behavioral cage bioassays 
for blackberry leaf infusion (top; purple) and honeysuckle leaf infusion (bottom; red). Pictured 
left is the configuration of treatment pairs in insect rearing cages (top), and absence (center) and 
presence (bottom) of egg rafts in experimental treatments. 
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Figure 3.5. Non-metric multidimensional scaling (NMDS) plot of 99 infusion samples from 30 
oviposition traps in Urbana, Illinois over a four-week study period. The six treatments included a 
positive control, a negative control, Bti larvicidal briquettes (toxin only), honeysuckle leaves 
(attractants only), and blackberry leaves and honeysuckle leaves combined with Bti (ecological 
traps). 
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Table 3.1. Linear contrasts comparing abundance of Culex pipiens larvae across catch basin 
treatments to test the hypothesis that inputs of attractive leaf detritus species increase mosquito 
oviposition rates in these habitats. 
 
Catch basin treatment Estimate SE T P 
Blackberry vs. positive control 19.96 5.93 3.37 < 0.01 
Honeysuckle vs. positive control 5.37 5.94 0.90 0.37 
Honeysuckle+Bti vs. positive control -9.93 3.36 -2.95 < 0.01 
Honeysuckle+Bti vs. Bti 0.27 3.33 0.08 0.94 
Negative control vs. positive control -23.50 5.97 -3.94 < 0.01 
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Table 3.2. Linear contrasts comparing abundance of Culex pipiens adults across catch basin 
treatments to test the hypothesis that inputs of toxins (i.e., larvicides and deleterious leaf detritus 
species) reduce mosquito emergence rates in these habitats while inputs of high-quality leaf 
detritus resources increase emergence reates. 
 
Catch basin treatment Estimate SE T P 
Blackberry vs. positive control -24.56 4.58 -5.36 < 0.01 
Honeysuckle+Bti vs. positive control -11.08 2.63 -4.21 < 0.01 
Bti vs. positive control -10.69 2.65 -4.03 < 0.01 
Blackberry vs. negative control -2.76 4.58 -0.60 0.55 
Honeysuckle+Bti vs. negative control -1.70 2.63 -0.65 0.52 
Bti vs. negative control -1.32 2.65 -0.50 0.62 
Honeysuckle vs. positive control 26.85 4.55 5.90 < 0.01 
Negative control vs. positive control -21.80 4.55 -4.79 < 0.01 
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Table 3.3. Linear contrasts comparing number of Culex pipiens egg rafts across treatments in 
oviposition traps to test the hypothesis that inputs of attractive leaf detritus species increase 
mosquito oviposition rates in these habitats. 
 
Treatment Estimate SE T P 
Blackberry vs. positive control 51.00 22.93 2.22 0.03 
Honeysuckle vs. positive control 59.80 22.93 2.61 0.02 
Honeysuckle+Bti vs. positive control 64.25 22.93 2.80 0.01 
Honeysuckle+Bti vs. Bti 53.05 22.93 2.31 0.03 
Negative control vs. positive control -28.20 22.93 -1.23 0.23 
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Table 3.4. Multiple response permutation procedure (MRPP) for the effect of catch basin 
treatment within week on 169 bacterial taxa. Grouping letters represent significant pairwise 
differences at 𝛼 = 0.05. 
 
Test 1: Within week 1 
Treatment group n Average distance Significance letters 
Blackberry 5 0.8193 A 
Positive control 5 0.8485 AB 
Honeysuckle 3 0.8905 B 
Honeysuckle+Bti 4 0.8278 B 
Bti 4 0.7898 B 
Negative control 3 0.7126 C 
Test 2: Within week 2 
Treatment group n Average distance Significance letters 
Blackberry 5 0.7890 A 
Positive control 5 0.7633 AB 
Honeysuckle 3 0.8124 B 
Honeysuckle+Bti 4 0.8668 B 
Bti 5 0.7946 B 
Negative control 5 0.8820 C 
Test 3: Within week 3 
Treatment group n Average distance Significance letters 
Blackberry 2 0.6881 A 
Positive control 5 0.8542 AB 
Honeysuckle 5 0.8978 B 
Honeysuckle+Bti 5 0.7865 B 
Bti 2 0.8287 B 
Negative control 5 0.7365 C 
Test 4: Within week 4 
Treatment group n Average distance Significance letters 
Blackberry 5 0.8625 A 
Positive control 2 0.9578 AB 
Honeysuckle 5 0.8155 B 
Honeysuckle+Bti 5 0.9164 B 
Bti 4 0.9239 B 
Negative control 3 0.7591 C 
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Table 3.5. Multiple response permutation procedure (MRPP) for the effect of week within catch 
basin treatment on 169 bacterial taxa. Grouping letters represent significant pairwise differences 
at 𝛼 = 0.05. 
 
Test 1: Blackberry 
Treatment group n Average distance Significance letters 
Week 1 5 0.8193 A 
Week 2 5 0.7890 B 
Week 3 2 0.6881 BC 
Week 4 5 0.8625 C 
Test 2: Honeysuckle 
Treatment group n Average distance Significance letters 
Week 1 3 0.8905 A 
Week 2 3 0.8124 B 
Week 3 5 0.8978 BC 
Week 4 5 0.8155 C 
Test 3: Honeysuckle + Bti 
Treatment group n Average distance Significance letters 
Week 1 4 0.8278 A 
Week 2 4 0.8668 B 
Week 3 5 0.7865 C 
Week 4 5 0.9164 C 
Test 4: Bti 
Treatment group n Average distance Significance letters 
Week 1 4 0.7898 A 
Week 2 5 0.7946 B 
Week 3 2 0.8287 B 
Week 4 4 0.9239 B 
Test 5: Positive control 
Treatment group n Average distance Significance letters 
Week 1 5 0.8485 A 
Week 2 5 0.7633 B 
Week 3 5 0.8542 B 
Week 4 2 0.9578 C 
Test 6: Negative control 
Treatment group n Average distance Significance letters 
Week 1 3 0.7126 A 
Week 2 5 0.8820 A 
Week 3 5 0.7365 A 
Week 4 3 0.7591 B 
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Table 3.6. Chi-square tests of significance for proportion of Culex pipiens egg rafts laid in 
binary choice behavioral cage bioassays for blackberry leaf infusion and honeysuckle leaf 
infusion. 
 
Blackberry leaf infusion 
Treatment 1 Treatment 2 n χ2 P 
DI water Whole infusion 22 14.73 < 0.01 
DI water Microbes-only 29 0.03 0.85 
DI water Leachate-only 30 16.13 < 0.01 
Microbes-only Whole infusion 21 10.71 < 0.01 
Leachate-only Whole infusion 29 0.86 0.35 
Honeysuckle leaf infusion 
Treatment 1 Treatment 2 n χ2 P 
DI water Whole infusion 24 6.00 0.01 
DI water Microbes-only 22 0.18 0.67 
DI water Leachate-only 22 10.00 < 0.01 
Microbes-only Whole infusion 30 4.80 0.03 
Leachate-only Whole infusion 36 1.00 0.32 
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CHAPTER 4 
Removal of invasive Amur honeysuckle (Lonicera maackii) decreases abundance of 
mosquitoes (Diptera: Culicidae) 
 
Abstract 
Invasive species rank second only to habitat destruction as a threat to native biodiversity, and one 
consequence of biological invasions is increased risk of exposure to infectious diseases in human 
and animal populations. The distribution and prevalence of mosquito-borne diseases in particular 
depend on the complex interactions between the vector, the pathogen, and the human or wildlife 
reservoir host. These interactions are highly susceptible to disturbance by invasive species, 
including terrestrial plants. This study examined the effect of removal of an invasive bush 
honeysuckle (Amur honeysuckle, Lonicera maackii) on the abundance of mosquitoes, including 
two regional vectors of West Nile virus (Culex pipiens and Cx. restuans), in a forest fragment 
embedded within a residential neighborhood. Our two-year field experiment used a Before-
After/Control-Impact design to find support for the hypothesis that removal of Amur 
honeysuckle reduces the abundance of both Culex spp. and non-Culex spp. “nuisance” 
mosquitoes. We assessed several ecological mechanisms that potentially explain observed 
differences in the mosquito community due to Amur honeysuckle removal, and found support for 
the hypotheses that 1) the abundance and composition of avian hosts is altered by honeysuckle 
removal and 2) areas invaded with honeysuckle support local microclimates (i.e., high 
temperature and humidity) that are favorable to mosquitoes. Collectively, our experiments 
demonstrate the role of a highly invasive understory shrub in determining the abundance and 
distribution of mosquitoes and suggest potential mechanisms underlying this pattern. Our results 
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also motivate questions regarding the effect of invasive plants on arthropod disease vector 
ecology, such as the generalizability of our results to other disease vector-invasive plant systems 
and the spatial scale at which removal of invasive plants may reduce the abundance of 
mosquitoes. 
 
Introduction 
 Invasive species, defined here as non-native species whose introduction and subsequent 
spread are likely to cause economic or environmental harm, rank second only to habitat 
destruction as a threat to native biodiversity (Wilcove et al. 1998, Pimentel et al. 2005). 
Mechanisms by which invasive species may reduce biodiversity include altering habitat 
structure, acting as predators and competitors of native species, and hybridizing with native 
species (Mooney and Cleland 2001, Lee 2002, Levine et al. 2003). There also is evidence that 
invasive species may cause increased risk of exposure to infectious diseases in wildlife and 
human populations via the introduction of novel pathogens and parasites into susceptible 
populations (Daszak et al. 2000) and by altering the ecology of established infectious agents that 
are embedded in biological communities through complex networks of energy flow (Pejchar and 
Mooney 2009). The distribution and prevalence of arthropod-borne diseases depend on the 
interactions between an arthropod vector, the pathogen, and a human or wildlife reservoir host, 
and these interactions may be facilitated by invasive species. 
In particular, invasive plants are among the most important threats to native ecosystems 
and recent research has demonstrated their potential to trigger a cascade of ecological 
interactions that alter vector-borne disease transmission (Mack and Smith 2011, Mackay et al. 
2016). This is a problem of global health significance because nearly one-third of emerging 
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infectious diseases that threaten ecosystem health are vector-borne (Jones et al. 2008) and 
terrestrial plant invasions are increasingly widespread phenomena aided by human activities 
(Reichard and White 2001). Examples from diseases vectored by ticks (Acari: Ixodidae) include 
that invasive bush honeysuckle (Lonicera maackii, Dipsacales: Caprifoliaceae; hereafter 
‘honeysuckle’) appears to enhance the risk of exposure to human tick-borne ehrlichiosis 
(Ehrlichia chaffeensis and E. ewingii) by increasing the abundance and encounter frequency of 
lone star ticks (Amblyomma americanum) and their white-tailed deer (Odocoileus virginianus) 
hosts (Allan et al. 2010). Similarly, invasive Japanese barberry (Berberis thunbergii) directly 
improves habitat quality and recruitment of the black-legged tick (Ixodes scapularis) via 
increased leaf litter depth and soil moisture (Elias et al. 2006). 
 Mosquitoes (Diptera: Culicidae) are another group of important arthropod vectors of 
wildlife and human pathogens, and may interact with plants throughout their life cycles. Thus 
invasive plants also may influence risk of exposure to mosquito-borne illnesses, although the 
potential mechanisms by which plants alter vector and host ecology and the consequences for 
ecosystem health remain poorly understood. During the juvenile stages of the mosquito life 
cycle, inputs of fruits and leaf detritus into the aquatic habitat provide an energy base for 
developing larvae; leaf detritus type and quantity determine the composition and abundance of 
bacterial and fungal flora that form in container habitats as the microbes break down the leaf 
litter (Fish and Carpenter 1982, and see Chapter 2). In turn, these bacteria and fungi provide a 
direct food source for mosquito larvae (Walker et al. 1991, Kitching 2001). Several studies have 
suggested that leaf detritus from invasive plants, including honeysuckle and autumn olive 
(Elaeagnus umbellata), may provide high-quality nutritional resources for larvae of two West 
Nile virus vectors (Culex pipiens and Cx. restuans) and two La Crosse encephalitis vectors 
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(Ochlerotatus japonicus and Oc. triseriatus) compared to native plants (Shewhart et al. 2014, 
Gardner et al. 2015, Muturi et al. 2015). 
As adults, mosquitoes use plants as resting sites as well as sources of sugar meals. The 
high vegetation biomass characteristic of plant invasions may provide a rich supply of sugar 
meals and retain heat and humidity in the understory, both contributing to mosquito longevity 
(Foster 1995, Delatte 2009). This potentially has consequences for transmission rates of 
mosquito-borne pathogens, since transmission is only possible when the vector survives long 
enough for an ingested pathogen to complete the extrinsic incubation period. Moreover, the 
ecology of some mosquitoes such as Culex spp. may be influenced by the effects of invasive 
plants on the community of their passerine bird hosts. For example, an important reservoir host 
for West Nile virus, the American robin (Turdus migratorius), is a frugivore and may select 
habitats infested with fruit-bearing invasive plants (Ingold and Craycraft 1983), causing 
mosquitoes to aggregate in these areas (Diuk-Wasser et al. 2010) with potential downstream 
consequences for disease transmission. 
 In central Illinois and much of the midwestern and northeastern United States, one of the 
dominant invasive plants is Amur honeysuckle, an invasive woody shrub that arrived in North 
America from Korea during the mid-1800s and subsequently spread throughout 27 states (Luken 
and Thieret 1996). Due to its long growing season, allelopathic effects, and dense structure 
which blocks sunlight and inhibits the growth of competitors, honeysuckle has outcompeted 
native understory plants throughout the region (Miller and Gorchov 2004, Dorning and Cipollini 
2006). While the effects of honeysuckle on insect and vertebrate communities are incompletely 
understood, there is evidence that this plant can alter the abundance and composition of bird and 
rodent populations including the reservoir hosts of several vector-borne diseases (McCusker et 
133 
 
al. 2010, Mattos and Orrock 2010). Honeysuckle leaf detritus is an attractive and highly 
nutritious food resource for mosquitoes, alleviating the effects of intraspecific competition on 
adult emergence rates of Cx. pipiens (Gardner et al. 2015), and mixing honeysuckle leaves with 
detritus of native leaf species accelerates the decomposition rate of the native leaves, further 
enhancing the quality of aquatic habitats for developing larvae (Arthur et al. 2012, Poulette and 
Arthur 2012). 
 In this study, we tested the hypotheses that removal of honeysuckle in a forest fragment 
embedded within a residential neighborhood 1) reduces the abundance of Culex pipiens and Cx. 
restuans, two important regional vectors for West Nile virus (Turell et al. 2001, Turell et al. 
2005); and 2) reduces the abundance of non-Culex spp. mosquitoes (i.e., belonging to the genera 
Aedes, Ochlerotatus, Anopheles, Culiseta, Coquillettidia, Orthopodomyia, Uranotaenia, and 
Psorophora at our study locations) including several common “nuisance” species that feed 
preferentially and aggressively on human hosts. Additionally, we assessed several ecological 
mechanisms that potentially explain observed differences in the mosquito community due to 
honeysuckle removal. Specifically, we tested the hypotheses that 1) the abundance and species 
diversity of bird populations is altered by honeysuckle removal, and 2) microclimate conditions 
relevant to mosquito life history characteristics, particularly vapor pressure deficit (i.e., the 
difference between the amount of moisture in the air and how much moisture the air can hold 
when saturated), vary with honeysuckle density. 
 
Methods 
Experimental design. Our honeysuckle removal experiment was conducted using a Before- 
After/Control-Impact design (Smith 2002) at two sites in Mahomet, Illinois (40°11’N, 88°24’W),  
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over a two-year period. We selected the study area largely because land use permits could be 
obtained at two highly comparable sites. The first site (randomly selected to be the ‘Control’ site) 
was 6.4 acres and the second site (randomly selected to be the ‘Treatment’ site) was 4.1 acres. 
Both study sites consisted of oak-hickory forest embedded in residential neighborhoods within 
2.5 km of each other (Figure 4.1a). Prior to the beginning of the experiment, the density of 
honeysuckle at each location was estimated by counting the number of stems greater than 2 cm 
in diameter in five 5 X 5 m plots randomly selected and spaced throughout the study sites. In the 
Control site, the estimated honeysuckle density was 0.62 ± 0.09 stems/m2, and in the Treatment 
site the estimated honeysuckle density was 1.77 ± 0.20 stems/m2. 
 In 2014, response variables described below were measured with honeysuckle intact at 
both sites to provide a baseline for the main effect of site. During the winter of 2015, the 
honeysuckle at the Treatment site was removed (Figure 4.2). In 2015, response variables were 
measured again with honeysuckle removed at the Treatment site and honeysuckle intact at the 
Control site to provide a baseline for the main effect of year. The honeysuckle removal effort 
was conducted by volunteers over seven days for a total of 620 personnel hours of labor, using 
chainsaws and spraying the stumps with 50% Drexel Imitator Plus® glyphosate herbicide. 
Detritus was mechanically chipped to eliminate any effect on the biological community 
potentially caused by the remaining structure of dead branches. During the summer of 2015, 
honeysuckle suppression was maintained by spraying the foliage of resprouts with 5% 
glyphosate once per week. 
 
Mosquito trapping. Adult mosquito trapping was conducted eleven times per year at each site  
from CDC MMWR weeks 27 to 37 (29 June to 14 September 2014 and 28 June to 13 September  
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2015). Five pairs of CDC CO2-baited miniature light traps and grass infusion-baited gravid traps 
powered by 6V lantern batteries were operated in each of the two study sites. The two trap types 
were placed at locations approximately 10 m apart and the distance to the next pair of traps was 
at least 100 m, with light traps at 1.5 m above the ground (Figure 4.1b-c). Light traps are 
designed to capture a representative cross-section of host-seeking mosquitoes, including males 
and females of mixed parity, while gravid traps are designed to collect female mosquitoes 
seeking stagnant water sources to oviposit (McCardle et al. 2004). Mosquito collections were 
conducted one night per week, and the average trap night lasted from 1600h to 1100h. If the trap 
malfunctioned any given night, the data were discarded and denoted as ‘NA’ for statistical 
analyses. Adults were identified morphologically to species using dichotomous keys (Darsie and 
Ward 2005), and Cx. pipiens and Cx. restuans were pooled for statistical analyses due to 
difficulty in accurately distinguishing their morphology. 
 To test the hypothesis that removal of honeysuckle reduces the abundance of adult Cx. 
pipiens and Cx. restuans, separate general linear mixed models (GLMMs) with repeated 
measures were fit to the number of mosquitoes per trap for light trap and gravid trap data using 
PROC MIXED in SAS 9.3 (SAS Institute Inc., Cary NC). The linear model was given by 
𝑌𝑖𝑗𝑘𝑙 = 𝜇 + 𝑆𝑖 + 𝑌𝑗 + 𝑆𝑌𝑖𝑗 + 𝜀1(𝑖𝑗𝑘) +𝑊(𝑗)𝑙 + 𝑆𝑊(𝑗)𝑖𝑙 + 𝜀2(𝑖𝑗𝑘𝑙)  (Eqn. 4.1) 
where 𝑆𝑖 represents the fixed main effect of site, 𝑌𝑗 represents the fixed main effect of year, 𝑆𝑌𝑖𝑗 
represents the interaction between the main effects of site and year, 𝑊(𝑗)𝑙 represents the fixed 
main effect of week nested within year, and 𝑆𝑊(𝑗)𝑖𝑙 represents the interaction between the main 
effects of site and week. Trap ID was the subject, week was the repeated variable, and an 𝐴𝑅(1) 
covariance structure with restricted maximum likelihood (REML) was used for estimation of 
covariance parameters. A significant site by year interaction was expected to indicate an effect of 
136 
 
honeysuckle removal on the response variable. SLICE statements were used to interpret 
significant interaction effects. To test the hypothesis that removal of honeysuckle reduces the 
abundance of adult non-Culex spp. mosquitoes, the same linear models (Eqn. 4.1) were carried 
out using the abundance of non-Culex spp. mosquitoes as the response. 
 
Host community. To examine the effect of honeysuckle removal on the abundance of avian 
hosts for Culex spp. mosquitoes, bird surveys were performed at the Control and Treatment sites 
three times in both 2014 and 2015 using limited radius (100 m) ten minute auditory and visual 
survey point counts following the methods of Bibby et al. (2000). One point was established at a 
central location in each site. All surveys were conducted between 0.5 hours before sunrise and 
0.5 hours after sunrise on days with no precipitation or extreme wind. The dates of the surveys, 
corresponding with the avian breeding season and dates of mosquito trapping, were 31 July, 20 
August, and 16 September in 2014 and 10 July, 20 August, and 12 September in 2015. The 
species and estimated distance to each observed bird were recorded. 
 To test the hypothesis that removal of honeysuckle reduces the abundance of birds, a 
two-way Analysis of Variance (ANOVA) model was fit to the bird abundance data with the main 
effects of site and year and the interaction between the main effects of site and year. Again, a 
significant site by year interaction would indicate an effect of honeysuckle removal on the 
abundance of birds. SLICE statements were used to interpret the interaction. 
 
Microclimate conditions. To assess the effect of honeysuckle density on vapor pressure deficit, 
iButton temperature/humidity loggers (Maxim Integrated, San Jose CA, catalog no. DS1923) 
were deployed from 29 August to 8 September 2015, with simultaneous temperature (°C) and 
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relative humidity (%) measurements continuously recorded at 10 minute intervals. The vapor 
pressure deficit (Pa) was calculated for each time point from these temperature and humidity 
values as follows 
𝑉𝑃𝐷 = (
100−𝑅𝐻
100
) (610.7 × 107.5𝑇/(237.3+𝑇))   (Eqn. 2) 
where 𝑅𝐻 represents relative humidity (%) and 𝑇 represents temperature (°C) (Eqn. 2). Four data 
loggers were established at the Treatment site and eight data loggers were established at the 
Control site. To capture the effect of fine-scale variation in honeysuckle density on microclimate 
conditions, half of the loggers at the Control site were placed in locations that were heavily 
invaded with honeysuckle while half were placed in locations where honeysuckle was 
comparatively sparse. Data loggers were suspended at 1.5 m above the ground. 
 To test the hypothesis that vapor pressure deficit varies with honeysuckle density, a 
multivariate time series model was fit to the time series for the Treatment site and high 
honeysuckle density and low honeysuckle density areas of the Control site using robust linear 
regression and a novel application of the generalized method of wavelet moments to model the 
error processes (described in Guerrier and Gardner in prep.). The final model was given by 
𝑌𝑖𝑗𝑘 = 𝜇𝑖 + 𝜇𝑖𝑗 + 𝑆𝑗 + 𝛽1𝑡 + 𝛽2𝑡
2 + 𝛽3𝑡
3 + 𝜀𝑖𝑗𝑘    (Eqn. 3) 
where 𝜇𝑖 represents the grand mean, 𝜇𝑖𝑗 represents the mean for each sensor, 𝑆𝑗 represents the 
fixed main effect of site (i.e., Treatment, low density, high density), and 𝛽1𝑡, 𝛽2𝑡
2, and 𝛽3𝑡
3 
represent the linear, quadratic, and cubic components of a fixed temperature covariate, with the 
error term defined by 
𝜀𝑖𝑗𝑘 = 𝑍𝑡 +𝑊𝑡
(𝑗)
+ 𝑌𝑡
(𝑖𝑗)
    (Eqn. 4) 
where 𝑍𝑡 represents a global 𝐴𝑅(2) process estimated for all sites, 𝑊𝑡
(𝑗)
 represents a local  
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𝐴𝑅1(𝜙(𝑗), 𝜎(𝑗)
2 ) process estimated for each site separately with 𝜙(1) ≠ 𝜙(2) and 𝜎1
2 ≠ 𝜎2
2, and 
𝑌𝑡
(𝑖𝑗)
 represents a white noise process associated with individual sensor error. A permutation test 
with 1000 Monte Carlo iterations was used to test the significance of the site effect. 
 
Results 
Mosquito composition. We collected a total of 31,837 adult mosquitoes over the two-year study 
period (Table 4.1). At the Control site, we collected 7,872 mosquitoes in 2014 and 8,659 
mosquitoes in 2015, and at the Treatment site, we collected 13,816 mosquitoes in 2014 and 
1,490 mosquitoes in 2015. Approximately 30 percent of the mosquitoes collected at each site 
belonged to the genus Culex while 70 percent were non-Culex spp. Among the non-Culex spp. 
mosquitoes, over 97 percent belonged to seven species: Aedes triseriatus, Ae. trivittatus, Ae. 
vexans, Ochlerotatus japonicus, Psorophora ferox, Anopheles punctipennis, and An. 
quadrimaculatus. Other infrequently observed species were An. walkeri, Coquillettidia 
perturbans, Culiseta inornata, Cs. morsitans, Orthopodomyia signifera, Uranotaenia 
sapphirina, and Ps. ciliata. 
 
Mosquito abundance. Abundance of adult Cx. pipiens and Cx. restuans varied in response to 
honeysuckle removal (Figure 4.3). We found a significant interaction between the main effects 
of site and year on the abundance of Culex spp. mosquitoes collected in both light traps (F = 
147.76; df = 1, 16; P < 0.01) and gravid traps (F = 111.11; df = 1, 16; P < 0.01) (Table 4.2). 
Contrasts demonstrated that while abundance was higher at the Treatment site compared to the 
Control site in 2014, after honeysuckle removal the abundance was lower at the Treatment site 
compared to the Control site in 2015 (Table 4.3). There was no significant difference in Culex 
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spp. abundance at the Control site between 2014 and 2015, whereas the Treatment site had lower 
abundance in 2015 after honeysuckle removal. We also found a significant interaction between 
the main effects of site and week nested within year on the abundance of Culex spp. mosquitoes 
collected in both light traps (F = 4.12; df = 20, 150; P < 0.01) and gravid traps (F = 2.77; df = 20, 
154; P < 0.01). Here, contrasts demonstrated that this interaction reflected equal mosquito 
abundance (i.e., no mosquitoes) across sites during the final week of the experiment during each 
year. 
 Similarly, abundance of non-Culex spp. mosquitoes varied in response to honeysuckle 
removal (Figure 4.4). Again we found a significant interaction between the main effects of site 
and year on the abundance of non-Culex spp. mosquitoes collected in both light traps (F = 
123.35; df = 1, 16; P < 0.01) and gravid traps (F = 5.17; df = 1, 16; P = 0.04) (Table 4.2). 
Contrasts showed that while abundance was higher at the Treatment site compared to the Control 
site in 2014, after honeysuckle removal the abundance was lower at the Treatment site compared 
to the Control site in 2015 (Table 4.3). There also was no significant difference in non-Culex 
spp. abundance at the Control site between 2014 and 2015, while the Treatment site had lower 
abundance in 2015 after honeysuckle removal. Finally, we found a significant interaction 
between the main effects of site and week nested within year on the abundance of non-Culex spp. 
mosquitoes collected in light traps (F = 8.05; df = 20, 150; P < 0.01) but not gravid traps (F = 
0.94; df = 20, 154; P = 0.53). The interpretation of the significant interaction for the light traps 
was the same as for the Culex spp. mosquitoes. 
 
Host abundance. Abundance of birds varied in response to honeysuckle removal (Table 4.44). 
We found a significant interaction between the main effects of site and year on the abundance of  
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birds (F = 30.86; df = 1, 8; P < 0.01; Figure 4.6). Contrasts showed that while bird abundance 
was equal at the Treatment and Control sites in 2014 (F = 0.05; df = 1, 8; P = 0.83), after 
honeysuckle removal the abundance was lower at the Treatment site compared to the Control site 
in 2015 (F = 58.33; df = 1, 8; P < 0.01). There also was no significant difference in bird 
abundance at the Control site between 2014 and 2015 (F = 3.05; df = 1, 8; P = 0.12), while the 
Treatment site had lower abundance in 2015 after honeysuckle removal (F = 37.33; df = 1, 8; P < 
0.01). 
 
Microclimate conditions. Mean vapor pressure varied between the Treatment site and locations 
within the Control site with high honeysuckle density (Figure 5). We found vapor pressure 
deficit was significantly higher at the Treatment site following honeysuckle removal compared to 
the Control site (P = 0.01), indicating honeysuckle creates a more stable microclimate for 
mosquito survival. However, we found no significant difference in the vapor pressure deficit 
observed in the high-density versus low-density areas of the Control site, indicating a lack of an 
effect of fine-scale variation in honeysuckle density on microclimate. Overall, the majority of 
error variance at the Control site was described by the global 𝐴𝑅(2) process (~72%) compared 
to the local 𝐴𝑅(1) process (~27%) and the white noise process associated with individual 
sensors (~1%), while the error variance at the Treatment site was more evenly described by the 
global 𝐴𝑅(2) process (~50%) and the local 𝐴𝑅(1) process (~49%) and the white noise process 
associated with individual sensors (~1%). 
 
Discussion 
Terrestrial plant invasions are emerging as increasingly widespread phenomena aided by  
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human activities, including global climate change (Reichard and White 2001, Hellmann et al.  
2008). Previous studies suggest that the ecological disturbances associated with these plants can 
alter the transmission dynamics of arthropod-borne pathogens (Pejchar and Mooney 2009). In 
this study, we tested several hypotheses regarding the effect of removal of Amur honeysuckle, an 
invasive understory shrub that occurs throughout the midwestern United States (Luken and 
Thieret 1996), on mosquito abundance and composition in a forest fragment within a residential 
neighborhood. We found support for the hypotheses that honeysuckle removal greatly reduces 
the abundance of two regional mosquito vectors for West Nile virus, Culex pipiens and Cx. 
restuans, as well as other species of medical importance (e.g., Ochlerotatus japonicus and Aedes 
triseriatus) and nuisance species that preferentially and aggressively feed on human hosts (e.g. 
Aedes vexans, Oc. trivittatus). These results join a growing body of literature that suggests that 
the ecosystem services provided by native plants – and the benefits of management of invasive 
species – may extend beyond oft-considered factors such as nutrient cycling, prevention of 
stream erosion, air filtration, and preservation of wildlife diversity (Loomis et al. 2000, Fiedler et 
al. 2008, Chazdon 2008) and include direct ramifications for human and wildlife risk of exposure 
to vector-borne pathogens.  
We also examined several ecological mechanisms that potentially explain observed 
differences in the mosquito community due to honeysuckle removal. We found support for the 
hypothesis that the abundance and composition of bird populations, the most important blood-
meal hosts for Cx. pipiens and Cx. restuans (Molaei et al. 2006, Hamer et al. 2009), are altered 
by honeysuckle removal. These results are consistent with studies conducted in other arthropod-
borne disease systems that suggest invasive plants may increase the abundance and encounter 
frequency between vectors and their hosts (Williams et al. 2009, Allan et al. 2010). Second, we 
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found support for the hypothesis that microclimate conditions relevant to mosquito life history 
traits, particularly vapor pressure deficit, varies with honeysuckle density. This result is 
important because vapor pressure deficit is related to mosquito longevity (Delatte 2009) with 
potential consequences for risk of exposure to West Nile virus because only a vector that 
becomes infected and survives the extrinsic incubation period is capable of transmitting a 
pathogen. This result is also consistent with previous observations in tick-borne disease systems, 
where changes in microclimate conditions after management of the invasive Japanese barberry 
was associated with a reduction in the abundance of Ixodes scapularis ticks (Williams and Ward 
2010). 
 Our current study represents a set of exploratory, hypothesis-generating experiments that 
provide initial evidence for the role of a widespread invasive plant in mediating the abundance 
and distribution of mosquito disease vectors. Future research in this system is required to assess 
the relative importance of the mechanisms we have identified to explain the response of the 
mosquito community to honeysuckle removal, and additional mechanisms remain to be 
addressed experimentally (e.g., the effect of honeysuckle on mosquito sugar-feeding rates and 
availability of resting habitat for gravid females). In addition, the findings of our two-year field 
experiment suggest other questions critical to understanding the impact of invasive species on 
the complex ecology of mosquito-borne disease transmission. Here we discuss these avenues that 
require further research. 
 First, an important question that extends beyond the scope of the current study is whether 
our observations were primarily due to the effect of removal of honeysuckle in particular or the 
effect of removal of over 80 percent of the understory. Due to its long growing season, 
allelopathic effects, and dense structure that blocks sunlight to inhibit the growth of competitors, 
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honeysuckle is a noxious invader that, once introduced, often dominates local plant assemblages 
(Miller and Gorchov 2004, Dorning and Cipollini 2006). So pernicious is honeysuckle as an 
invader that in Champaign County we were unable to identify a forest fragment in a residential 
environment that was not dominated by honeysuckle as a basis to compare the effects of native 
plants versus honeysuckle on mosquito communities. The duration and budget of our study 
precluded the feasibility of a multi-year experiment investigating the effects of restoration of 
native plants on mosquito abundance at the Treatment site. However, we hypothesize that many 
of our proposed mechanisms by which honeysuckle removal alters mosquito abundance are in 
fact particular to honeysuckle because invasions of this plant are characterized by a denser 
understory compared to native shrub species (Hutchinson and Vankat 1997, White et al. 2009). 
Prior research has provided mixed evidence regarding the effect of honeysuckle on avian 
community composition, nesting behavior, nest predation, and food resource availability (Ingold 
and Craycraft 1983, Schmidt and Whelan 1999), although a recent study conducted in Vermilion, 
Piatt, and Champaign Counties, Illinois, showed that honeysuckle is associated with an increased 
density of understory bird species and frugivores, including several common hosts for Cx. 
pipiens and Cx. restuans and reservoirs for West Nile virus (McCusker et al. 2010). Honeysuckle 
also has been linked to local increases in temperature and humidity in the understory compared 
to ecosystems dominated by native plants (Hartman and McCarthy 2004, Loomis and Cameron 
2014). 
 Second, a critical question motivated by the current study is to what extent our results can 
be generalized to other invasive terrestrial plants and mosquito-borne disease systems. We first 
argue that these findings are important even if not generalizable because honeysuckle is such a 
significant invasive plant in the United States, and the effects of honeysuckle on the environment 
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have been experimentally studied in contexts as diverse as leaf decay in streams, microbial flora 
in soil, and foraging of large mammals (Ehrenfeld et al. 2001, Arthur et al. 2012, Castellano and 
Gorchov 2013). Several other studies have documented facilitation of ticks and tick-borne 
pathogens by invasive plants (Elias et al. 2006, Williams et al. 2009, Williams and Ward 2010). 
However, the hypothesized biological mechanisms underlying these patterns have varied and 
even often conflicted. For example, Allan et al. (2010) found no effect of abiotic factors related 
to invasive plant removal on the abundance and recruitment of A. americanum, while Civitello et 
al. (2008) found ground-level temperature and humidity positively associated with the presence 
of Japanese stiltgrass (Microstegium vimineum) and the survival of A. americanum and 
Dermacentor variabilis ticks. A study of oviposition behavior of Oc. triseriatus found that 
habitats containing leaf detritus of honeysuckle are not attractive to these mosquitoes (Conley et 
al. 2011), while our own research found that habitats containing honeysuckle leaf detritus are 
attractive to Cx. pipiens and Cx. restuans (Gardner et al. 2015, Muturi et al. 2015). Our own 
research also has shown that not all mosquito species respond similarly to invasive plants, and 
while honeysuckle leaf detritus provides a high-quality resource base for Cx. pipiens, it is not a 
superior source of food for Ae. triseriatus and Oc. japonicus compared to native plants (Muturi 
et al. 2015). And finally, our prior research has demonstrated that the effect of invasive plants on 
mosquito production is not uniform; while honeysuckle provided a high-quality resource to Cx. 
pipiens, leaf detritus from multiflora rose (Rosa multiflora) in fact was deleterious to larvae 
(Gardner et al. 2015). Collectively, this limited number of studies suggests that generalizations 
regarding the effect of invasive plants on vector ecology should be made with caution, and an 
improved mechanistic understanding is required to inform broader conclusions regarding the net 
impact of invasive plants on human and wildlife risk of exposure to vector-borne disease. 
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 Third, another important area for future research is analysis of the spatial scale at which  
removal of invasive honeysuckle reduces the abundance of mosquitoes. The current study 
ffocused exclusively on the abundance and composition of mosquitoes within two sites. While 
our experiment provides quantitative and fairly conclusive evidence that honeysuckle increases 
the abundance of Cx. pipiens, Cx. restuans, and other mosquito species within-patch, the effect 
of honeysuckle removal at the landscape level remains unexplored. An increased abundance of 
mosquitoes within honeysuckle-dominated forest fragments may yield a net decrease in 
mosquito abundance in the surrounding residential neighborhoods and other natural areas where 
this invasive plant is not present. Alternatively, the presence of honeysuckle could lead to a 
“spillover” effect resulting in increased abundance of mosquitoes in adjacent sites due to the 
proximity to honeysuckle within mosquito dispersal ranges. Monitoring across the landscape, 
including sites within honeysuckle-invaded patches as well as sites along a distance gradient 
from invaded patches, is required to more fully understand the spatial scale of the effect of 
honeysuckle on mosquito abundance. Furthermore, because honeysuckle has a longer 
“photosynthetic” season than the majority of native plants (McEwan et al. 2009) and continues to 
provide favorable microclimate conditions, sugar-feeding resources (i.e., berries), and habitat for 
hosts, its presence potentially could lengthen the active time period for Cx. pipiens and other 
mosquitoes of medical and veterinary importance. 
 Finally, a question that was not addressed by the current study is the implications of our 
results for disease transmission. Vector presence certainly is a prerequisite for mosquito-borne 
disease transmission, and the importance of entomological risk is well-documented in other 
systems (Scott and Morrison 2003). However, there is not necessarily a linear correspondence 
between mosquito abundance and transmission rates. For instance, previous studies have 
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documented a spatial mismatch between density of West Nile virus vectors and the locations of 
human cases (Ruiz et al. 2004), indicating the importance of environmental and host-related 
factors in determining risk of exposure to mosquito-borne pathogens. However, at least one 
study of tick-borne diseases documented a decline in tick abundance and a concomitant decrease 
in tick infection rates with Ehrlichia chaffeensis and E. ewingii after removal of an invasive plant 
(Allan et al. 2010). The reduced abundance of avian reservoir hosts for West Nile virus observed 
at the Treatment location after honeysuckle removal suggests the possibility of reduced West 
Nile virus prevalence in mosquitoes, although testing is required to make a firmer assessment of 
the implications of invasive plant removal for transmission. In summary, our experiments 
demonstrate the role of an invasive understory shrub in determining the abundance and 
distribution of mosquitoes, including species of medical importance, suggest several potential 
mechanisms underlying this pattern, and motivate a number of questions regarding the effect of 
invasive plants on arthropod disease vector ecology that require additional sustained research 
efforts. 
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Figures and Tables 
 
 
 
Figure 4.1. Maps of spatial configuration of study locations in Mahomet IL (left) and CDC light 
traps (yellow) and infusion-baited gravid traps (red) at the Control (center) and Treatment (right) 
sites in 2014 and 2015. 
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Figure 4.2. Treatment site pre- (left) and post- (right) Amur honeysuckle eradication. 
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Figure 4.3. Mean number of Culex spp. mosquitoes (± SE) collected per trap night from the 
week of 29-Jun 2014 to 6-Sep 2015 at Control and Treatment sites using CDC light traps (top) 
and infusion-baited gravid traps (bottom). The vertical black line indicates the time point at 
which honeysuckle was removed at the Treatment site (winter of 2015). 
 
 
 
 
 
 
 
 
158 
 
 
 
Figure 4.4. Mean number of non-Culex spp. mosquitoes (± SE) collected per trap night from the 
week of 29-Jun 2014 to 6-Sep 2015 at Control and Treatment sites using CDC light traps (top) 
and infusion-baited gravid traps (bottom). The vertical black line indicates the time point at 
which honeysuckle was removed at the Treatment site (winter of 2015). 
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Figure 4.5. Vapor pressure deficit (Pa) measured at the Treatment site (orange lines) and at high 
(dark blue lines) and low (light blue lines) densities of honeysuckle within the Control site from 
29-Aug to 8-Sep 2015 (following honeysuckle eradication from the Treatment site). 
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Figure 4.6. Counts of birds observed in survey point counts at the Control and Treatment sites in 
Mahomet, IL, at time points in July, August, and September 2014 and 2015. 
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Table 4.1. Composition and total abundance of mosquitoes collected in CDC light traps and 
infusion-baited gravid traps in Mahomet IL, 29-Jun to 14-Sep 2014 and 28-Jun to 13-Sep 2015. 
 
Species 
2014 (pre-eradication) 2015 (post-eradication) 
Control Treatment Control Treatment 
CDC Gravid CDC Gravid CDC Gravid CDC Gravid 
Culex spp. 1117 1097 1758 1493 1236 1590 214 627 
Aedes triseriatus 165 58 1028 58 203 56 58 26 
Ae. trivittatus 443 3 544 0 486 0 45 1 
Ae. vexans 4363 3 7306 3 4708 2 670 4 
Ochlerotatus japonicus 97 43 281 63 85 54 13 29 
Anopheles punctipennis 203 16 554 11 186 11 38 10 
An. quadrimaculatus 72 5 419 2 88 6 25 0 
An. walkeri 10 2 6 0 4 0 1 0 
Psorophora ferox 156 2 267 0 130 0 6 0 
Ps. ciliata 4 0 15 0 3 0 0 0 
Culiseta inornata 5 2 0 0 2 0 0 0 
Cs. morsitans 2 0 0 0 4 0 0 0 
Uranotaenia sapphirina 0 0 8 0 0 0 0 0 
Orthopodomyia signifera 3 0 0 0 4 0 0 0 
Coquillettidia perturbans 1 0 0 0 2 0 0 0 
TOTAL 6641 1231 12186 1630 5905 1719 990 500 
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Table 4.2. Type 3 tests of fixed effects of site (𝑆𝑖), year (𝑌𝑗), week within year (𝑊(𝑗)𝑙), and their 
interactions on abundance of Culex spp. and non-Culex spp. mosquitoes collected in CDC light 
traps and infusion-baited gravid traps in Mahomet, IL. 
 
Culex spp., CDC light trap Culex spp., gravid trap 
Effect DF F P Effect DF F P 
𝑆𝑖 1, 16 7.54 0.02 𝑆𝑖 1, 16 25.31 < 0.01 
𝑌𝑗 1, 16 128.79 < 0.01 𝑌𝑗 1, 16 16.51 < 0.01 
𝑆𝑌𝑖𝑗 1, 16 147.76 < 0.01 𝑆𝑌𝑖𝑗 1, 16 111.11 < 0.01 
𝑊(𝑗)𝑙 20, 150 14.02 < 0.01 𝑊(𝑗)𝑙 20, 154 13.15 < 0.01 
𝑆𝑊(𝑗)𝑖𝑙 20, 150 4.12 < 0.01 𝑆𝑊(𝑗)𝑖𝑙 20, 154 2.77 < 0.01 
Non-Culex spp., CDC light trap Non-Culex spp., gravid trap 
Effect DF F P Effect DF F P 
𝑆𝑖 1, 16 0.31 0.59 𝑆𝑖 1, 16 2.60 0.13 
𝑌𝑗 1, 16 88.57 < 0.01 𝑌𝑗 1, 16 4.85 0.04 
𝑆𝑌𝑖𝑗 1, 16 123.35 < 0.01 𝑆𝑌𝑖𝑗 1, 16 5.17 0.04 
𝑊(𝑗)𝑙 20, 150 28.85 < 0.01 𝑊(𝑗)𝑙 20, 154 3.66 < 0.01 
𝑆𝑊(𝑗)𝑖𝑙 20, 150 8.05 < 0.01 𝑆𝑊(𝑗)𝑖𝑙 20, 154 0.94 0.53 
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Table 4.3. Contrasts/SLICEs of the site by year interaction effect for Culex spp. and non-Culex 
spp. mosquitoes collected in Mahomet, IL, in CDC light traps and infusion-baited gravid traps. 
 
Model SLICE DF F P 
Culex spp., 
CDC light trap 
Control 1, 16 0.32 0.58 
Treatment 1, 16 279.18 < 0.01 
2014 (pre-eradication) 1, 16 45.12 < 0.01 
2015 (post-eradication) 1, 16 109.00 < 0.01 
Culex spp., 
Gravid trap 
Control 1, 16 20.83 < 0.01 
Treatment 1, 16 107.42 < 0.01 
2014 (pre-eradication) 1, 16 15.12 < 0.01 
2015 (post-eradication) 1, 16 121.69 < 0.01 
Non-Culex spp., 
CDC light trap 
Control 1, 16 1.43 0.25 
Treatment 1, 16 211.49 < 0.01 
2014 (pre-eradication) 1, 16 56.15 < 0.01 
2015 (post-eradication) 1, 16 67.42 < 0.01 
Non-Culex spp., 
Gravid trap 
Control 1, 16 0.01 0.96 
Treatment 1, 16 10.09 < 0.01 
2014 (pre-eradication) 1, 16 0.22 0.65 
2015 (post-eradication) 1, 16 7.58 0.02 
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Table 4.4. Numbers and species of birds observed in survey point counts in Mahomet, IL, at 
time points in July, August, and September 2014 and 2015 (presented using standardized bird 
species “alpha” codes). 
 
 Year 1, pre-eradication (2014) Year 2, post-eradication (2015) 
Control 
July August September July August September 
AMCR (3) 
BLJA (2) 
BCCH (2) 
DOWO (5) 
HOSP (2) 
WBNU (2) 
AMCR (3) 
BCCH (1) 
BLJA (1) 
COGR (2) 
DOWO (3) 
HOSP (3) 
NOCA (1) 
TUTI (1) 
WBNU (1) 
AMCR (2) 
AMGO (1) 
AMRO (1) 
BLJA (2) 
COGR (2) 
DOWO (5) 
HOSP (2) 
NOCA (2) 
WBNU (1) 
AMCR (3) 
AMRO (1) 
BCCH (4) 
BLJA (1) 
DOWO (4) 
MODO (1) 
NOCA (2) 
WBNU (5) 
AMCR (2) 
BLJA (2) 
COGR (2) 
DOWO (2) 
HOSP (5) 
INBU (1) 
TUTI (4) 
AMCR (3) 
AMRO (3) 
BCCH (1) 
BLJA (1) 
COGR (2) 
DOWO (6) 
HOSP (2) 
NOCA (1) 
Treatment 
July August September July August September 
AMCR (2) 
AMRO (1) 
BLJA (3) 
DOWO (5) 
HOSP (3) 
AMCR (3) 
AMGO (1) 
AMRO (2) 
BLJA (1) 
COGR (1) 
DOWO (4) 
HOSP (3) 
WBNU (2) 
AMCR (4) 
AMGO (1) 
AMRO (2) 
BLJA (1) 
COGR (3) 
DOWO (6) 
HOSP (3) 
AMCR (3) 
BCCH (1) 
DOWO (3) 
HOSP (2) 
AMCR (1) 
COGR (2) 
DOWO (2) 
WBNU (2) 
AMCR (3) 
AMRO (3) 
DOWO (1) 
 
Code Species 
AMCR American crow 
AMGO American goldfinch 
AMRO American robin 
BCCH Black-capped chickadee 
BLJA Blue jay 
COGR Common grackle 
DOWO Downy woodpecker 
HOSP House sparrow 
INBU Indigo bunting 
MODO Mourning dove 
NOCA Northern cardinal 
TUTI Tufted titmouse 
WBNU White-breasted nuthatch 
 
